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PPINICP IN C.BCAT SRItAJS 



EXTRACTS FROM THE PRKFAd^: TO 
THE FIRST EDITION 

The present text-book i« primarily Intcndwl for students svlio li»v<' 
completed an introductory course of Matriculation statidartl, nitlitmyli 
the more elemcnUry parte of t)ie subject arc included so as to make the* 
book complete in itaelf. It is not written for any particular ex u mi nation, 
but should meet the requirements in Inorganic Chemistry of si«<h'iits 
preparing for the examinations of the Intermediate and Pass B.Sc. of 
British universities. Brief aecounts of technical process's and Uiv 
elements of Physical Chemistry are included, with M orkc<l rxamples on 
the latter. 

Tlic Atomic Theory and the Periodic Law have been givou promin- 
ence, since their neglect unfailingly leads to ohsenrity and triviality. 

Limitations of space prevented more than n bare mention of most of 
the so-called "Rare KIcments**, many of whieb are now of gn'ul 
import Alice in chemical industry and form part of articles familiar in 
everyday life. Their chemical properties are also in many enses of 
unusual interest. 

A short accountof Werner s theory is given, aince the eInKsieal tlnHiry 
of Valency, which is of fundamental importance in the Komewlnit 
monotonous uniformity of the chemistry of carbon, jiroves inadequate' 
when any but the very simplest compounds of the remaining eleiuentx 
are under consideration. 

The physical properties of substances (densities, 1>oiling poiula, etc.) 
have been compiled from the most recent sources, in the hope that the 
book may also prove useful for reference purposes. 

Jvly, ld20. 


EXTRACTS FROM THF^PREFACE TO 

THE FIFTH EDITION 

• 

The text of the fourth edition of the present work, published in 
tmderwent rather considerable revision so aa to keep pace with modern 
advances in Uje subject. The main alterarioos consisted in the incor- 
poration in Chapter XXV of the section on Werner's lheor>% with souk* 
ranges and amplification Ukbring it into line with modem views : tbc 


VI EXTKACTS FROM PREFACE TO FIFTH EDITION 

deletion of material in Chapter XXV which had become obsolete ; an 
account of the recently discovered isotopes of liydrogen and some otlier 
elements ; a general discussion of the hydrides of the elements ; the 
revision of the scctioit on active nitrogen : a table of the electronic 
structures of the rare* earth elements, and the inclusion in the text of a 
number of electronic formulae of compounds, particularly of the oxygen 
compounds of sulphur, nitre^en and phosjkhorus. 

In the present edition, besides rhinor alterations throughout ... a 
large new section on the stniclure of the silicates has been added. 

The modern theory of atomic structure has, from the first c<Ution, 
been dealt with in greater detail than is usual in booksof similar siae and 
sco|)e, and the present edition is no less coniplete in this respect. This 
section in the present edition includes an account of nuclear trans* 
fommtions. 

TJic accounts of the modem theory of electrol>Hcs and of crystal 
structure, included in the third edition, are also more detailed than is 
usual in text* books, so that the theoretical parts of the book arc fully 
adcr|UBtc to meet the needs of modem teaching. 

Original sources have been largely employed, and alwa>*8 when there 
was any obscurity in the large works of reference or special mono* 
grapba otherwise used. The physical properties and other numerical 
data have been carefully selected from modem researches, and some of 
the figures have )>cen rex'ised in the present edition. Attention is 
directed to the large number of tested demonstration experiments, 
which continue to l>c a special feature of the book. 

Jnnunnj, 1937, 


PREFACE TO THE SIXTH EDITION 


The present edition lits been rewritten uml tvM'X, And iklthon);li it 
continues most of the tradition^ of earlier ch] it ions, it is eKSeiiliully u 
new book. By eliminating or eondensing tlie vc*rv element ary piirtK. 
apace has been found for much new material, ulthongli the g<*noral 
standard of the book remains tlie same. 

Tlie sections on atomic structure and tiie electronic tlieiiry tif vnli*n<'y 
have been extended, and new sections cm directc'd IxuitU anil resonance* 
have been added to Chapter XXV. Since this chapter is the most 
difficult in the book, it can be post ironed until cho])tera XXVI ‘XL! V 
have been read. The information on a tonne structure an<l valency lias 
been spread over three chapters so as to allow of a grwlnnl npjiroacli, 
and that in Chapters XXIll»XXIV will parry the student Ihroucdi mneh 
of the book. 


An attempt has been made to present all thi.s imt>ortiint material in 
a form which should be readily understood hy junior students. A 
number of descriptions of molecular and rrysial struct iiTX*a are given 
m separate sections and in the U^xl, but stiwlents of chemistry slmnUl 
remember that this infonnation mnnot re)>laec n detailed know* I edge 
of the preparation and properties of substances, which forms the most 
important content of the subject of their studies. It hears the same 
relation to the latter as anatomy docs to physiology. 

The sections on the law of msas action and the proiierties of elec tro, 
lyte sohitions liave been extended by the addition of sections on pH. 
fiydrolysis, titration and indicatore. and buffer solutions, and tfu' 
treatment of strong electrolytes is on modern lines. Tliesc* eha|>ters 
should also bo uaoful to students of biologt* who now H'<inire n knowledge* 
of the subjects with which they deal. 

The sections on the rerer elemente, particJerly on the raitr metAl.. 
'vhicli find .miwrtant industrial applicaUons. have been eonsiderablv 
oxtendt^. and now contain as much informa Uon on this subject ns uiil 
bo need^ by the majority of students. The section on the metal 
wbon^s has b^n amplified. Many recent discoveries and theories 
Mt to be found in earUer editions hare been added. The utUity of the 

r ^ "'J other numerical data it 

J V questions for esercisc are given in 

the authors more elementary College rovme of Iru^rgonir cin.t r. 


vnr 


l»kKKAC*K TO ‘rHK SIXTH EDITION 


(MACrtulIaii), and numerical problems in IntermetliaU CAemrcd^ Calcitht* 
tions by Partington and Stratton (^lacmillan). those given in previous 
editions hove been omitted to sa\*e s|>acc, and more advanced students 
will probably not need them. 

The author’s son, Dr. R. 0. Partington, read as many of the chaiders 
AS circninstanecs allowed, and inatle many helpful suggestions. Sir 
Hiebard Gregory, Bt., F.B.S.. read all the proofs and, as in the case of 
all previous editions of the book, gave much valuable advice and assis- 
tance. The author would also thank many teaclicrs and students who 
have drawn his attention to matters of interest and imi^rtarice. He 
hopes that the book in its new form will continue to be useful to 
them. 

J. K. PARTINGTON. 


JoNunrt/, 1050. 


C’ONTKNTS 


I, Pro* SV»«TANCB* *KI» Mixw icm 

II. £LmKNTa» COMPOVNIW AXD SOLUnOMfi . . . • 

III. TnB CoMmamON or me Ax» akd the Theomv or ('oMursTtox 

IV. The CoMPOsmow or Water 

V. The Pbysicai. PnoPRHTiRe or Gahsm awo Vaixu’hm 

VI. Sotunw* 

vn. AaoB, Bases akd Salts 

Vni. Tnb Laws* or Chbukal Combination am* the ATi»iir Theorn 

IX. Avooaojw's HvroTMmiR akd Moi.i^rLAs WrioiiTs 

X- Tub KTSFTir Theory or Cares 

XI. OXYCCN AKP OlOKK 

XII. Hyoroobr 

Xin. Water anp Hyproork Prroxipe .... 

XIV. Chlorikk 

XV. CLSrpROLYSlS 


I 


|o 

:ui 

4H 

1^:* 


r.i 

IPI 
I IS 
\:w 

178 

JIM 


XVI, MoiACVlAR Wbcohts Df SoiAmoK 

XVII. Oecdbs AMO OxY-AciDS or Chlorimb 

XVlIl. Ths Law op Mass Actiom 

XIX. Elbctrolytb EonuBRiA 

XX. The Haloobhs 

XXL Atomic Heats amo IsouoRPKtSM 

XXII. Trb Pbeiodic Law 

XXI II. IsoTorsa, Cbystal SmocTVHE, Raosoactivjty 

XXIV. Tbb STBocTtmc or the Atoms Co^rpihation Compoumor 

XXV. Tbb Treoby or Valbkcv amp the SrsurntRS or Mot.KCYi.Kf* 

XXVI. Solpiit;ii 

XX\1I. OXYOEM COMPOUVOS OP SuLPMVR 

XXVUI. Selemiom AMD TELLunrrm 

XXIX. KmooBX 

XXX. Oxides akt> Oxv-Acids or Xitrookm 

ix 


■WA 

Jill) 

:ii7 

;{44 

:ifl4 

400 

42? 

447 

44» 

407. 

61 Mi 

6A2 


X 


(ONTKNTS 


rmnut tint 

XXXI. PHo*»i*HORr< 

XXXlI. CsHiM»s Axn HroiWH'ARBr»x< r»]»J 

XXX] II, OXYisKN CouroTKhs oi Cakwix. .... rtjn 

XXXIV, |k>K((S .AND .SlI.HVN 

XXX\', .MirTAl.H AXft Al.LOVfil. SrK<TRr>l Anai.vais (17,1 

XXXV]. Tii». Ar.KALi Mrtalr 

XXXVI 1. I'ovPEK. Silver, and Goi.i» 71? 

XXXVII I. The Ai.kauxk-Kartk Mrtai.a 7AI 

XXXIX. Maosbxh'm. ^rxr. Cadmiw and Menn'tiy 7A)) 

Xt, VoLTAtc Cells 7li7 

XLI. (jRoi’r III Metals 

XUI. GRorp IV Ml-tale k;>4 

NI.TM Gnorp V Mctam H4« 

XLIV. Groit VI Metals >*wi 

XLV. Maxoaxiise and Hhexidai 

XLVI. Onrtvr VIH M»TAr> : Ikav fi]i 

Xl.VIt. GRn«*r Vin Metaia: Corait and NVkri. • •Mtt 

Xl.Vni, Groi'i* VIII Metals: Tmv l*i,\Tf\rM Mptaia • • • 

Xr.lX The Inert Gaxe« !>fHi 

Index J>»« 


A TEXT-BOOK OF 
INORGANIC CHEMISTRY 


CHAFTKH I 


PURE SUBSTANCES AND MIXTURES 


Different of bodies. --Different matoriAls may l>c clietingiushcri 
from one another by their properties, Ujc most obvious bcin;* tlic 
physical stale : solid, liquid or goMous. Many bodies having tin* huiik' 
physical state may be distinguished. These diff<>renccs we expre^x iiy 
saying that tiie differ in coopositica. In 1x*ginitit)g tfn* study of 

Cliemistry we meet witfi a large number of iieu' substances. Solids may 
differ in co^ur, e.p. blue copper s\ilp)iate, green ferrous sulphate, red 
potassium dichromate, dark purple chrome alum. Differeru'cs in Je/iaily 
are shown, e.g. by lead nitrate and alun), the Hi>>l being much heavier 
for an etjual volume than the second. Solkls may differ in erystuUins 
form : alum crystallises in octal ted ra. rock salt in cubes, 



t^olids in which tlie crystalline form ia absent arc said to hvamorphaus. 
Fragments obtained on breaking cr>'stals have sharp edges and ]>lAne 
faces, or show a crysUtlline fraelurt, whereaa the fractured pieces of an 
amorphous solid such as glass or 
pitch show curved falces like tlie 
inside of a shell, and hence arc 
said to show a conchoidal fracture 
(Fig. 1). 

A further method of distinguish* 
ing solids U by their aofuhifity in 
liquids. When 6nely*powdered 
lead nitrate and barium sulphate, 
both heavy white powders, are 
separately stirred with hot water, 
tile first dissolves, whilst the 
second remains undissolved. 

Solids when beated usually melt 

temperatures caUed their melting poinU. Nitre melta 
at 336 ,• po^nm chlorate at 357", “ hypo *’ at 48*. rock salt at 801’, 
hanum sulphate at 1580®. 

^ ‘ density, and boUiny point. Some have 

^oura. The/remng point of a pure liquid is usually the 
same as the meltmg point of the solid obtained from It by cooling, ^mo 

• Teapentutes througbeut «ra ia degrees CmUgrede. 


Fio. I.— Csleite. 
Showing ronchoidel end cry 
the Mme meteriti. 
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liquids How readily tlian others {t.g. treacle an<l v^ater), ur have 
greater n>co.i<fy. 

The existenec of diffcreitt kinds of gases was nut clearly recognised 
until about l7H5-7o, when Cavcndisli and Priestley clistinguishe<l 
several gases cliflering from atmospheric air- The differences become 
clear on com ]>a ring jars containing the followinggase.s : oxygen. Iiydro- 
gen, carbon dioxide, nitric oxide, and chlorine. 

by simple o6seriY<tron cbloriitc is seen to havea grcenis)i*yel]ov\' colour, 
whilst the other gases are colourless. The^ colourless gases may b(* 
distinguished by appropriate txfitrimenU. 

Keinove tlie glass platen from the jars so as to bruig the gases in contact 
u'itli tlie air. Nothing occurs except with like nitric oxide, which produren 
deep re<l fumes. 

Pour a little lime water into tlie otlier jam and shake. The lime water is 
uiiclinnge<l in u]>{>earMm’C in all tlie jars except that (*i>niaininc carbon 
di«ixi<le. in which it becomes tnrbUI ami white. 

lii.sert u liirhteij ta|ier into each of a new set of jars of the guaos. In 
oxygen it burikH with u hnJIiunt Hamc. in chlorine with n sjuoky retl flame, 
but ill the other jars it isexluignishcsi. The hydnigen itself, however. (akcH 
fire uikI burns with a |ifitc Hume. 

A jar <*f carbon dioxide b held «>vcr a laiye lieuker coiiiilerpuiaed oii a 
Udaiu'e. and slowly inverted so as to jMair the gus into the lieakcr : the 
latter si Ilka, showuiis that cerUui dioxule is heavier than air. imd bus jiassHl 
into the boakcr. A tii|ier uisertcxl into tlie l>eaker is exthiguishwl. 

A jar of hydrogen is o]>eneiJ. iieaith downwards, aiul slowly iiicluieil no 
IIS to |H)ur the jpu upwards into an inverted cotmteriHiiscd lieaker. The 
I leaker rinrs. Hhouing that hyilrogcii is lighter Ihan air. 

1 (Kscs, tficnTorc. differ in density, cohiur. combustibility, capacity for 
supporting combustion, and action on lime water. 

Pure subaUncfs.— Crystals of <op|)cr sulphate clifTer in size, often In 
s|ia|>c. yet all arc compO!*c<l of the same purt 9\ih9titnc€ \ In so far ns 
<*nm|Kisition is concerned no account is taken of accidental eircum* 
.stances such as size ur sha|)e. Tlie two kinds of phosphorus, white an<l 
red, differ entirely in ap{>earance ami properties. Although they con* 
sist of the same maUrial, phosphor u^, they are two ihffcfetitsu6^f/«wrM, 
eac'h having sjiocific pfO|ierties by means of which it may be recognlw<l. 

I'be |>os.sibility of arranging materials in groufis of substanns n'- 
< luces the complexity and scope of their study. Iiccanse a large n umber 
Ilf iiirlividual bodit.n may Indong to om* group, i.r. he conijKwiHl of llie 
Kumc The fact tliat Ixxlies may 1 h* arranged in such groups 

is the fundament III hiw' rif cliemistry. De$cnptiv« Cbrmistry may be defined 
u tbe science dealia^ mtb tbe preparatioii and properties of subsUaees, sad the 
relations which ezul betweeo tben. 

In some cases there is iliffieuity in defining the profH^rties of bodies, 
w'ith the view' of phieing them in groups of substances. A plecv of 
CTanib* ha^ difTen ut jiroj allies in different jiarts : and if we ba.<r oiir 
( finitioii oil uleiiliiy of proi>erties. we shall apjiarcntly require an in* 
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,] HOMOGENEOUS AND UETBHOGENEOUS HODIK.S 

finite number of groups to accommodate all Hie possible litpiids pro- 
duced by adding salt to water in varying proportions. Those difficulties 
are removed by closer study. 

Homogeneous and heterogeneous bodies.— Bodies differ according to 
the properties of their component parts. A body sucli that all tlic 
into which it can be divided by mechanical means have identical 
properties is called a homogtoeous (or uniform) body. Glass, water, an<l 
air areTiomogeneous bodies. All pure substances, in the strict sense, 
are homogeneous bodies, but the converse, as we shall seo, is not true. 

A body having different properties in different parte is called a hetero- 
g«Bious (or non-uniform) body. A piece of granite is an aggregate nf 
three different minerals. One is pink or grey. o|>aque, and capable* 
(though with difficulty) of being scratched with a knife : it is feUpur. A 
second is colourless, transparent, and too hard to scratch until a knife ; 
this is quarts. The third forms thin grey, or black, platen, wfiicfi can be 
split by a knife into very thin leaves : it is mica. 

tSince the parts of aggregates sucli as granite ait* .sv|>u ruble by 
mechanical means, heterogeneous bodies arc of^en called /n^cfniniwl 
mixtures . The separate parts of a heterogeneouK body are called pbaios. 
Quarts, felspar, and mica are three ^iliases In granite. A inUturv of iw 
and water consists of two phases, wliilst a homogeneous body, even if 
ilivided into several parts in space, is only a single phase. 

The (Mirts of u heterogeiieuiis body are not always so sharply .tejMiiuttMl 
as those in granit a. Quartz cr^'st a b oft an sliow brown colouruig in cl iffe rent 
parts (‘amoky quartz"); the depth of the colour, due lo unpurities, 
may shade off from one part of the cryatal to another and it is difficult to 
ffz any place where definite colour eh^ge occura. 

The ultramicToscops. — The definitioits of homogeneous and hetero- 
geneous bodies are only relative. Milk may seem homogeneous to thc^ 
qye but is seen under the microscope to contain globules of butter-fat 
floating in a liquid. In some cases heterogeneity, not shown c\cn by t he 
microscope, may be revealed \>y the scattering of light. 

Although the atmosphere may appear quite clear in ordinary day liglit , 
yet if a beam of strong sunlight passes through it the patli of the beam 
can be seen if there is dust or smoke in the air. because of the light 
^ttered ^ the dust particles (see p. 8). \'ery fine particles suspended 
m a hqmd may be detected in a similar wnw This is shown hv the* 
lollowing experiment. 


A few drops of a solution of gum mastic in alcohol are added to w'ater in a 
r u stirred : the liquid appeara clear, but when a beam of 

ii^t from a lantern is passed through the water, before and after adduu; 
tte mastic, It wiU be found tlxat Utile liglit can be seen passing through the 
!7 a ^ ^ ^ «dded siiowe tbo path 

01 the hght as a bnght, cloudy beam, ceiled a Tyadsll cons. Tlw same effect 
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sipp^'UiH jii a ivy i>t siiikli^kit |tasftiJis lliroutfh <iiisty air ; |>articlM of dust 
nmy be seen lloatiiig about in the beam. 

An in>tniment making U8c of this principle, tlie ultmmeroseope* con^ 
sist^ (Pig. 3) of a microscope with the object •glass dipping into the 

liquid to be examined, con* 
tained in a small glass cell. 
A ]H>wcrful beam of light Is 
brought to a focus in the 
bquid by a lens. The sus* 
Iiemicd particles arc revealed 
by the light scattered from 
them, and they apjwar as 
bright specks. 

Micrcscopic visibility ceases 
witli particles of diameter 
about J*5 X I0’^eni.,or0*l5g 


1 
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F( 0 . 3.— Piagrsiu of uilmiiuvroseope. 


(I MicroH \fi ■U'OUl uirii.): the iillrarnicrosco(ie reveals particles down 
to 3 * 10’’ cm,, or om/^ (I millitHUroH ■Im/i-IO’* mm.), or about 
one-hundredth (he wavelciiglh of visible light, With the sleetron ouero- 
MQp«, absolution below 30 A. is possible (A. •Angstrom nnit*lU~^cm,). 

By the action of phosphorus on gold cliloriUe solutioti, ruby*rcd clear 
solutions arc obtained, which, as the ultramicrusco|>c shows, contain 
l>urticlcs about .>tn^ in tlia meter. Sus{HbTision;^ i^ontaining ultra micro- 
scopic particles which do not settle out on standing and pass through 
HI ter paiHT, are calletl colloidal solutions i>till smaller particles of gold, 
not visible with the uitrarni<*rosco|>e. can act os nuclei or centres of 
(*unilensation for the production of u)tramicTosco]>ic jmrticles ; tlic 
diameter of Ihesi* iinelei has Uberi estimated at R>'’ cm. Zsigmondy, 
the inventor of the ultra nikTOst‘o|K\ distincuished three kinds of small 
particles : miciont, niieroscopically vUiblc, diameter to hl*“ cm, 
(in ordinary »us|>cnsion8) ; s«6«rrVrowa, ultra microscopically visible, 
diameter 10“^ to 5 x 1(W cm. (in wlloidal sola I ions) ; ftmicnn$, in- 
visible. but act as nuclei, diameter Hi*’ cm. (in colloidal solutions). 

If a few* dro]M of eositi milution (red ink) arc added to a trough of 
\vater, the path of a beam of light is made visible by a beautiful green 
light, not unlike the haze obtaimsl with mastic, but coloured. With t)ie 
ultra in icroscoj>e, fioivevcT. no particles can be <lctecte<l, and Hie effect 
IS quite different from that shown by turbid liquids ; it is known as 
fluoresceace. The two elTccts are distinguislied by the fact that light 
scattered from turbid nu'clin is ]M>larisetl. whilst fluorescent light is not, 
or only slightly. 

Solids may lie produced in very thin films. (Jold-lenf is only 10"* cm. 
thick, and if a piece of burning magnesium ribbon is held behind apiece 
of gold-leaf prcsswl Ixiwtvn two sheets of glass, the mctnl Is seen to ho 
translucent, and lets through a green light. 

Smaller otill thun the colloidal particles art* the atoms and molecules, 
w 1 1 i<' h h u VC <1 ia i net ers of I he c in h r of 1 1> * * cm - Tf H*<e a re re vea led when 
X-ravs arc ustsi instead of or<linarv liglxt. X-r;ivs <liffer from liglit only 
in having a much soiuUvr wavc-lciigih, of the order of cm., and if 


I) SEPARATION OF MIXTURES OF SOLIDS G 

lliey aw allowed to fell on a cryatel. the effect produ^^. althouRh 
invisible is similar to the colours seen with visible light falling on 
thin soap-films. The effect indicaUs that crystals arc com|K»c(l of 
layers of atoms, separated by distances of the order of 10“® cm. (see 
ChapUrXXIII). 

The separadoxi of mixtuies of solids.— The phases of a mixture of 
solids may be separated in different ways. 

(1) Idschankally, by picking out the different bodies, if the system is 
sufficiently coarse-grained. 

(2) By differences of The powder is stirred with a liqtiid, the 

density of which lies between that of one of the solids and those of the 
others, and in which the solids do not dissolve. If powdered granite is 
shaken with a mixture of density 2*6, composed of ben sene (density 
0*S79) and methylene iodide (density 3*S3), the felspar (density 2*57) 
will float, whilst the mica (density 2*85) and quarts (density 2*65} will 
sink. The two heavier minerals may be separated by another mixture 
of the liquids of density 2*7. 

(3) By mscaahsiB ; iron filings are separated from fiowors of sulpliur 
by their attraction to a magnet, leaving Uie sulphur behind. 

(4) By alMtriflcation ; a mixture of red lead and w'ashod and dried 
flowers of sulphur is dusted through muslin on to an ebonite plate 
rubbed with flannel : the positively charged red lead adheres to the 
negatively charged plate, whilst the sulphur, with the same charge as 
the plate, does not adhere. The plate is now tapped gently on a sheet 
of paper ; the sulphur with a little red lead fells off, leaving* the red lead 
on the plate ; this may be brushed off on to the paper, and the colours 
of the t^o powders compared. 

(5) By the different attractions of the solids for a liquid (surface 
ieniioa) ; a mixture of powdered sine blende (native sine sulphide) and 
sand is sprinkled on the surface of water ; the sand is wetted and sinks, 
but the blende is not wetted and floats, although it is heavier than 
water. 

(6) By the different tolabUite in a liquid ; a mixture of iron filings 
imd sulphur is shaken with carbon disulphide ; the sulphur dissolves, 
^e solution may be decanted from the iron, which is insoluble, poured 
into a dish, and the solvent allowed to evaporate, when crystals of 
sulphur aie left. 

py fwbility j a mixture of lead shot and sand ia heated in a 
crucible ; the lead fuses and the sand floats to the lop. 

TolstUity ; a mixture of sand and iodine is heated in a test- 
tnbe ; the iodine forms a violet vapour, which condenses on the cool 
tubs as a black crystaUine nbfiiute, whilst the sand is left in the bottom 
of the tube. 


pie magoetio msthod aepaiatse the minerals tintUm* (density 8-4-7-11 
and t«(^ (d««ty 7 .l- 7 .e), which occur together, and are eo nearly 
ahke m^deosity that they cannet be separated by washing with a stream 
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of wftter. Tinstone is non 'magnetic, whilst wolfram (an ore of ttingsten, a 
metal usetl in making the ^laments of electric lamps) is fairly magnetic. 
The criaslied ore is dropped on a lra\*elling belt passing over a magnetic 

roller (Kig. 4), and falls off. The tin* 
stone falls undetected, but the wolfram 
is pul]e<l towards the magnet, and forms 
a separate heap. The process is called 
electroaugnetic sepantioo. 

Separation by surface tension is used 
in the flotaSos prece&s for separating 
minerals such as zinc blende, not easily 
wetted by water, from galena (an ore 
of lead) which is. The crushed ore is 
agitated by a blast of air with water 
to which a little oil. «.g. of eucalyptus, 
has been added. The blende forms a scum on the surface whilst the 
galena sinks. 

The separation of solids from liquids.— Solids mixed with liquids may 
be separated in varioits wa)*s. 

(I ) By settling out under the influence of gravity, t.e., by sedimaoudoa. 
The coa^r the particles, the more rapidly they settle. 

The velocity of settling of spherical solid or liquid particles, in a liquid 
or gM» is given by Stokes's cqusboo : 



0 




cm. per see. ; 


where rc radius of the particlea in cm. ; p * acceleration of gravity. 0S1 
cm. porsec. i^rsec. j iy*vtecosiiy of the liquid in c.g.«. ujiits ; rfandd'aro 
the densities of the suspended particles and of the liquid, respectively. 
(If ii<d\ the part idee ri« ; e.g. air bubbles in water.) 

The rates of settling of porticlea of sulphur (</ * 2 00) in water {d * 100 ; 
ijr. n ‘4x lO-»et 15*). the diameters of the sulphur particles being 01 cm.. 
an<l 0‘ 0001 cm., as calculated from Stokce's formula, are 50 cm. per sec. and 
0 00003 cm. per sec., respectively. The fine particles remain almost per- 
manently in susjionsion, forming a coHoklal solution. 

Particles of different sizes roixed together may be separated by 
fractional $c4im«autioo ; the powder is stirred with water and the 
time of settling divided Into a number of intervals. A senes of 
powders increasing in fineness Is obtained, and the process may be 
roywated. 

(2) By ceolrifugal forts.— A glass tube is filled with a fine suspension 
ancrplawl in one of the metal containing-tubes of a centrifuge (Fig. 5). 
a Kitrjilar tuU* of water being put In the opposite side as a counterpoise ; 
the* jKAuler is sciiarated to the bottom of the tube on working the 
inatliine. 

(:il The siispcmle<l particles may be electrically charged and move in 
an electric field ; this motion is called ®»«trophorai5 or catapkoreiu. 



j] SEPARATION OF SOLIDS FROM LIQXITDS 7 

A coUoHlal solution of arsenic sulphide is made by pourinp a ^lution of 
arsenic trioxide In water into hydrogen sulphide solution, and <lnving out 
the excees of hydrogen sulphide by a stream of 
washed hydrogen. About 50 ml. of the yellow 
solution, with 5 gm. of urea dissolved in it to 
make it denser than abater, are carefully run by a 
pipette into tlio lower part of a U-tube half-filled 
with dis^lled water. Platinum electrodes are 
placed in each aim of the tube and connected 
with the D.C. mains. The level of arsenic auh 
phide, marked by paper rings, falls on one side 
of the U-tube, and risea on the other (Fig. 0). 

The suspended particles in the colloidal solution 
give a Tyndall cone (p. 3). 

(4) If a few drops of sulpliurie acid are added 
to colloidal arsenic sulphide, precipitation in 
yellow flocks occurs. If the mixture is shaken 
with paraffin oil, the oil rises to the surface, 
carrying the arsenic sulphide with it. This is 
an appUcation of ftoutioa: arsenic sulphide ad» 
beras more strongly to oil tlian to water. 

($} The commonest method of separating 
soli^ from liquids is by filtrstion. usually through 
filter paper. Hot solutions filter more rapidly than cold ones, since 
the viscosity of the liquid is leas at a higher temperature. The rate 
of filtration is also increased by increasing the difference of pressure 
between the two ends of the capillary pores of the filter (filtration under 
reduced pressure). 



FlO. 5. — Contrifugo. 





FiQ. e.— Elaetro* 
pboreei*. 



The ssparahon of liquids from liquids.— Chloroform and water shaken 
topther in a Mpsistiag fiumel (Fig. 7), and aUowed to stand, separate 
mto t^ Uyen with the heavy diloroform below. This can be run off 
turoi^h the tap, leaving the water in the funnel. 

A suspension of^ne droplets of one liquid in another (such as milk) is 
called an ssolnoo. Each liquid alone may be tiansparent, but the 
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emulsion is turbid, owing to the scattering of light from the small drops, 
which have a different refractive index from that of the other liquid. 

Emulsions can be separated in the centrifuge, or if one liquid is 
soluble in a tliird M*hilst the second is not, by shaking with the third 
liquid. If etlier is shaken with an emulsion of juiraffin oil and water, 
the ether dissolves the paraffin and the solution floata to Uie surface. 
The separation of gases from liquids and solids. — Gases roU in all pro* 

S ort ions, so that heterogeneous systems can be obtained only when a 
ght gas is stratified on a heavier one. The gases soon mix by diffuaioa. 


Poaa carbon dioxide into a large jar. so that ti>e latter is partly filled with 
the gas (Fig. B ). Blow a soap bubble ” and al low it to fall into the Jar . It ia 

arreeted on reaching the carbon dioxide, and re* 
mains suspendecl. A lighted taper lo^^*e^ed into 
the jar is extinguished at tl>e level of the bubble. 

A suspension of minute bubbles of gas in a 
liquid is a froth or fossa, and is usually produced 
by shaking the gas with a liquid of low surface* 
tension, such as soap solution. Froths may be 
separated by centrifugal force, or by adding 
other bquids. such as alcohol to aqueous foams. 

A suspension of minute drofilets of liquid in 
a gas, as produced by rapid cooling of moist 
air, is called a mist or fog. In fogs the particles 
are smaller, and a mist may pa.ss over into rain 
when the particles coalesce into larger drops, 
Aitken showed that mists are produced by 
condensation on minute aobd particles (mofes) 
of dust or (more probably) salt in air ; if these 
Fio. a.— Experlmwt partly removed by filtering through cotton- 
illus^ing strsiificaiion condensation on cooling occurs on tlie re- 

maining nuclei, producing rain -like drops. If all 

nuclei are removed by allowing the air to stand in a vessel with wetted 
sides, condensation does not occur until the air is cooled much below 
the normal tem|»eraturc of mwt- format ion. C. T, R. Wilwn found that 
electrically cliargcd nuclei (gaseous ions), produced even in dust-free ajr 
by electric sparks or exposure to X-rays, can act as condensation centres, 
and may also be filtered out by cotton-wool. 

A sus|K?nsjon of fine solid particles in a gas is a jidoIm or fume. Goal 
smoke consists mainly of small j>articlcs of carbon, whicli aggregate to 
form soot. Smoke from the glowing tip of a cigarette, also consisting ol 
small iiarticles of carbon, appears blue liccause the particles aiv very 
fine, with diameters of the order of a wavc*length of bght. Smoke 



• PIaUau's Sirtr Selution is prepAred as follows, in pn. of sodium olosto and 
4iM ml of distilled watof aw aJJowod to stand al the of<hiiary tomperatuw in a 
stoppewd boltk until solutioft oceuw. JO«i ml. of pure jjlyeenn aw ^“od. 
Aud thr liquid, after shaking, is alU>we<i to settle for a fw days m 
clear liquill U <lecanted or siphonod off, and. after the ^dilion of I droo of 
ammonia, is prwe^^-aa in a stoppered bottio coi-owd outaido with opaque bWk 
varnish. 
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risine verticAUy from a chimney in clear dry air also apjKare blue, but 
some dtetance from the end of a cigarette, or blown from the 

Louth, and smoke from a chimney on a damp 

white and opaque, because the particles are larger, probably as a result 

of the condensation of moisture upon them. , „ . _ , 

The particles in fogs and smokes may be electrically charged, or 
become so on exposure to a high-Unsion discharge from a point or wire 
attached to a pole of an electrical machine or in* 
duction coil. During such discharges fume 
may precipitate, as was shown by Sir Oliver 
Lodge in I8S3. This method of fume dissipa- 
tion, is applied to the precipiution of fumes from 
smelting furnaces, blast* xumaces, cement fur- 
naces, etc. 


Electroetatic precipitation is illustrated by the 
apparatus ^own In Fig. 9. The beli jar reels on a 
glass plate and the electrodee are copper plates 
solder^ to copper wires fixed in the corks and con- 
nected with an Induotion coil. A email crucible 
contains cotton-wool moistened with concentrated 
ammonia solution and hydrogen clilorUle gee is 
psssed in through the upper tube. A dense fog of 
ammonium chloride particles forms, but this rapidly 
settles upon the inside of the bell gar when the in- 
duction coil is operated. 



Pio. 0 .— Electrostatic 
precipitation. 


The Lcdft-ConrtU apparatus consists of tubes or 
chambers containing electrodes, between which a 
high tension of 75,(X)0 volts is maintained. The solid deposited from 
the fume passing through is shaken off the sides of the tube or cham- 
ber from time to time by tapping with an automatic hammer ; liquids 
flow away without such treatment. 


CHAPTER n 

ELE^rENTS. COJIPOUNDS AND SOLUTIONS 

Chemical changes. — Bodies often undw^o Tory marked and per* 
manent changes under certain conditions. Milk may become sour ; 
bright copper becomes dull and ultimately covered \villi a green 6lm 
when expwetl to moist air, and under the same conditions iron rusts 
away completely to a brown powder. A candle burns away and ap« 
parent ly disappears. A piece of copper wire becomes covered with 
black scales when heated, and a piece of magnesium ribbon on heating 
in a bunsen flame takes fire and bums brilliantly, leaving a white ash. 

In other cases the changes are less marked, and the properties of the 
materials are only slight ly and t emporariiy modi fied . W ater on cooli ng 
freezes to ice, but the icc melts and is reconverted into water on warm- 
ing. A bar of iron which has been heated to redness is only slightly 
altered and, apart from a little scale on the surface, is recovcrctl witliout 
change on cooling. A piece of platinum wire heated in a bunsen flame 
becomes red hot, but is unchanged on cooling. 

Material changes either (i) alter only a few properties of tlic material 
and are temporary, when they arc called pbjMcal ebsages ; or (ii) they 
lead to a complete alteration of properties and the formation of a 
different material, when they are called chemical ebaages or chemical 

reacticas. . i u 

The following ex|)erimcnts illustrate some striking chemical changes. 

( 1) A small piece of white phospliorus on a sand- tray is sprinkled with a 
few c^-stolH of imliij©. The |dioeph<'riis takes fire. 

(2) Dilute sotulkms of jiotaMiuin ferrocyanide, tannin, ami polaasmm 
tUim'vannto (all i>f«:tically colourteasl utw ypoumi into threo glas^ uml a 
vorv dilute solution of ferric ehlorUlo acidiliotl with a little hydrochloric 
ftcid (also practirally coloiirlesal is a.hled. Blue, black, and retl solutions 

(3l A small pill of mercuric thi<K*yaiiale h©aie<l by tho flame of a taper 
swells up into a worm-likc mass of a friable yellow subsUinc'e (“ Pharnoh s 

^uTa mixture of inn. of dean tine ir«m fllinpi arul 3 gm. of flowers of 
.lulnhiir is hcate«l in o test. tube. Tho tiiixlure kIows ami wntimics to do so 
when Ukon from tho lUme. The clinnge evolves u BOO<l deni of hont. 

vn\d Iho tnlic U br.*on in a iiH.rtar. A greywii moMS is obtained, 
« lii< li |K>w.loro«l. The |->tt .lcr is binck. and nn<lor a lens iui iron or 

sulphur imniVk-s mri 1-* sm» in it. nil th<Kc ran lie a<*ori m the miN- 

cure. Cu rl>in . I Uulpl i i. Ic d*x-s i lot * lissul vo any aul | >hur from it ( i>, 6 b ICO 
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mwiBt i8 brought over it iron is not sttractod. oe it is from tlio mixture.* 
ri^n snd siUphur have disappeared as such and have formed a new sub- 
etanoe. a checoical compound, iron sulphide. 

From these experiments it is seen that chemical changes are often 
accompanied by an evolution of heat, when they are called eiotbcnme 
teuttons. This is not always the case, since in some chemical changes, 
called aadotbaniuc nsetioas, beat U absorbed. 


{6) Concentrated hydrochloric acid is poured over crystals of Glauber e 
salt in a bsakar j the crystals fall to a granular white powder of common 
salt and a considerable absorption of heat occurt, so that water in a small 
teat-tube placed in the beaker is frozen. 


Characteristics of physical and chemical changes.— ^mc of the main 
characteristics of physical and chemical changes may be eummarised ; 
tile difference is sometimes not very marked. 


I. 7hjtictl changes : no nev substance Is produced ; if anything more 
than mere heating or cooling is involved, it is usually merely a change 
of state (melting, evaporation) ; apart from latent heat absorbed or 
evolved in changes of state, and beat supplied to or removed from a 
body, there is no marked evolution or absorption of heat ; the change 
is easily reversed by appropriate alteration in the external conditions ; 
the weight of the material remains unchanged. 

II. Chnniesl ebsngw : new substances with different properties are 
produced ; there is usually evolution of heat (sometimes absorption of 
neat), and sometimes {as in combustion) of light ; the change is not 
easily reversed by mere change of external conditions unless the system 
is in a state of equilibrium (see p. 162 ) ; the weight of a given material 
usually changes when it is converted into the new substance. 


The law of conservation of mass. — The meis of a body, as determined 
by comparing its weight with that of standards by means of the ordinary 
balance, is generally regarded as a fixed property of the body. 

Empedoklei (490-430 b.c.) as quoted by Aristotle, says : ** Nothing 
can be made out of nothing, and it ts impossible to annihilate anything. 
All that happens in the world depends on a change of form and on 
the mixture or separation of bodies.’ ’ This Is similar to the statement of 
lAvoisier (1743-1794 a.d.), made over 2000 years later : “ Nothing can 
be created, and in every process there is just se much substance (quan- 
tity of matter) present before and after the process has taken place. There 
is only a change or modification of the matter.” Lavoisier *8 statement 
was founded upon experiment, and is called the law of eoostfv&tion of 


ueutily /«Wy magnotio w a wbela It may be noted ae a 
cu^ly that compomtion of ferrous sulphide (aeerly alwaya gj\«an as the 
«h^*c^ epmpouad) ie never exactly that given by the chwnical 
foJSll ’ italwaye cont^ e QtUe leei iron than this 
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The early chemista ignored changes of weight in chemical processes, 
i\s remoeed from purely chemical studies and beneath notice. Jean 
Rey (1630) said : The examination of weights by tlie balance differs 
from that made by the reason. The latter is only emplo}*ed by the 
Judicious, w hilst the former can be practised by the Veriest Clowm. 
Ttie latter is ahvays exact, whibt the former is seldom w'itliout de* 
ception/' 

Joseph Black (1755) in a research on magnesia paid careful attention 
bo the weights of the matenals. Three ounces of magnesia were dis* 
tilled in a glass retort and reccirer. Wltcn all w'as cool, I found only 
6ve drachms of whitish water in the receiver . . . tlic magnesia when 
taken out of the retort , . . had lost half its weight . . . It is evident that 
of the volatile parts coittaincd in the powder, a small portion only is 
water ; the rest cannot, it seems, be retained in vessels under a visible 
form . . . and is mostly dir {carbon dioxide]/' Black put down loss of 
weight in a chemical change to the escape of invisible material, thus 
recognising the ]>rinciple stated later by I^voisier. Black’s experiment 
is an c.xample of a chemical change in w'hich an ap|>arent dc.struction of 
matter is due to the escape of a gas. The fact that air, the only gas then 
known, has weight was proved by the following experiment of Otto von 
Guericke, the inventor of the airpump (1654). 


Exhaust by an air-pump, and counterpoise on (he balance a 2 htre globe 
fitted with a stopcock (Fig. 10). Open (he stopcock, 
notice the hissing noise of llio air rushing into the 
globe, replace the globe on the balance, and notice that 
it has increased in weight. 

In order to test the truth of Laroisier’a principle 
the chemical change must Ix^ carried out in a closed 
vessel, so that no material used can escape. 

Place a fmatl pioeo of pliosjfiionis, dried by preasing 
between filter paper, in a dry strong 250 ml, round* 
boltom flask flttwl with a nibljer stopper, Weigli the 
flask. Warm over a flame the spot where the phoe. 
phoriw lies until the latter ignite*. Wlion combustion 
is linbhe<l, allow the flask to cool, anil rowoigh. The 
weight is unchangc<l. 

Pour a little mercuric chloride solution into a conical 
flask, and place inside a small tube containing a 
solution of potassium ioiHile. Cork tbo flask and 
counterpoise on the balance. Now tilt the flask so 
th>il the «r)lutions mix. A re<l precipitate of mercuric loiUdo is fi>nnc<l, but 
the w'oiglil will f<«md to bo unchanged!. 



Kto. I r>.— Flask for 
wrigliing air. 


In ItKHi Ucydwcillcrstntod that >ma!l losjses of weight occurred when 
sojne chemical react ions were earrie<l out in sealed vessels : 60 gm. ol 
copi>er sulphate absolved in I3U ml. of water were decomposed with 
15 gm. of metallic iron, with a loss of weight of 0*21 7 mgm. H. l^ndolt 
in IHy3-llWH carried out a «*rics of cx|>cri merits w itli the object ot 




Fto. 1 1.— Lttndolt't 
oxp«rjmcr\l. 


D] LAW OF CONSERVATION OF MASS 13 

determining whether the losses noticed were reel, or due to some error 
of experiment. 

In the seperete legs of a Jen* glass U-tube (Fig. 1 1 > he sealed solutions of 
sahsUneee capable of reacting without the production of much lieat, so that 
the disturbances arising from this cause could be 
elimueted. He used : 

1. Silver sulphate and ferrous sulphate, giving a 
precipitate of metallic silver. 

i. Hydriodic acid and iodic acid, giving a precipi- 
tate of iodine. 

3. Iodine and sodiitm sulphite, giving sodium 
iodide and sulphate. 

4. Chloral hydrate and potassium hydroxide, 
giving an emulsion of chloroform. 

The tube was counterpoised against an exactly 
similar tube on a balance capable (in the linal experi- 
msnts) of detecting a change of weight of 0*0001 gm. 
with a load of 1 kgm, In each pan. a change of I 
part in 10,000,000. One reaction tube was inverted, 
after removing from (he balance, and the chemical change allowed to take 
place. After cooling, the tube was replaced on the balance and the change 
in weight, usually a diminution, noted. The other tube was then taken off 
the balance and inverted, and the proceaa repeated. 

At first, slight losses In weight. 0* 1 67 mgm, in the maximum, wore always 
found, but after a long series of sxpsrimente these were traced to two causes: 

(o) as a result of the slight evolution of heat, the him of moisture con- 
densed on the outw surface of the glass was partly driven off. and did not 
return until after long standing ; 

(b) the vessel expanded slightly as a result of the slight increase of 
temperature, and did not return to its original volume until some time had 
elapsed. 

In consequence of the first error the weight of the veesel was reduced, and 
the second error, which led to an inerMse In volume of air displaced by the 
veesel, also reduced the apparent weight. By allowing the veesel to stand 
for a long time before reweighing, Landolt found that it recovered iU 
ongind weight to within I part in 10,000,000— i.s. within the limits of 
e^rimental error. By using silica tubes (which do not expand) covered 
wax (to prevent the formation of a film of moisture), no change in 
weight was obeerved within the sMua linut« of error. 

Expwm^u by M«nl.7 (1912) with the reMtien b.tween berium 

^nde and bodmm sulphate solutions, giving a precipiute of barium sul- 
pnate, sho^ that the weight remained constant to 1 part in 100,000.000 
^ ^ ordinary chemical experimenta. the law of conservation of maas is 

of ,R«Utivity. abeoIuU energy £ of a m«s 

W ^ negligible in ordinary reactkms : to i>roduce a 

of 1 mgm. would require the combuttioa of H ton. of phipS 
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In radioactive changea, which are attended by very large energy chengee 
relative to the masses involved, the changes of ma&s are appreciable {b« 
Chapter XXIII). 

ElemeiLts and compounds.^ A homogeneous materia) may undergo 
complete chemical change in one of three ways, according to its com- 
position. The substance may ineruiae ir in all the changes, 

when it conihtwa with other su^tances ; or it may give other substances, 
each of smaller weight than the original substance, or dtcompose^ into 
these ; or its weight may remain the same. The third case {homeric 
or allciropic cAon^) is considered later. 

Heat 0-6 gra. of magneaiom ribbon in a weighed, loosely closed, porcelain 
crucible, with a small flame till combualion ceases (Fig. 12). Then heat 

strongly tor a few minuUe with the Ud off, 
cool az^ re weigh. Repeat until the weight 
is cotksiant. There is an increase in might of 
a little over gm. 

Heat 2-16 gm. of red oxide of mercury in 
a weighed, hard glass tube, with a glass de- 
livery tube leading to a pneumatic trough 
in which is inverted a measuring cylinder 
full of water (fig. 13). The re<l substance 
blackens and bubble* of gas collect in the 
cylinder. At the same time a sublimate of 
mercury collect* on the cool part of the 
tube. When evolution of gas ceases and 
the oxide has disappeared, remove the de- 
livery tube from the trough end allow the 
apparatus to cool. Reweigh the tube. The 
ioat in might of the tube should amount to 016 gm. The volume of gas 
collected wUl be about 118 ml. A glowing chip of wood is rekindled m 
the gas. which is oxygen. 

If a pure substance can be decomposed into two or more substances 
each of smaller weight, as the oxide of mercury into mercury and oxygen, 
it is said to be a ccapouai If it always yields substances of greater 
weight, indicating that union occurs unth other substances, the sub- 
stance is called an element. Magnesium is an element. A substan^ 
which docs not alter in weight after undergoing chemietd change may be 
either an element or a compound. 

Pure substances and solutions.— At this point we meet a difficulty, 
viz. that in some cases a hom^encous material has a 
cif compositions. Solutions of common salt in water at 0 may var> m 
ocimiKwition from pure water to a solution containing 20*5 pir cent by 
« eight of salt. Bet«-ccn these two limits there is an infinite ^ 

coimwsitions. But if we decompose oxide of mercury, no matter hoN? 
it l.al bwn prepared, we find that it always has the same composition, 
containing S gm. of oxygen to KXl gm- of mercury. 



Fio. 12.— Healing nogMaium 
ia air. 
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We therefore divide ell homogeneous materiala which are not elements 
into two classes. Those of constant composition are c^Ied ewnpou^, 
those of variable composition are called 8olati«»- Oxide of mercury is a 
compound, liquids containing salt and water are solutions. 



Fio. 19.— Decorapoaitien of norourie oxido by boat. 


A solution is always separable by suitable means Into two or more 
pure substances, either elementa or compounds. Solutions of salt in 
water are separated into salt and water by simple evaporation. Tho 
solutions of salt and water are not put in separate groups of substances, 
but are regarded as solutions of lioo pure substances (salt and water) in 
var^g proportions. 

We have arrived at the following elassidcation : 


Bodies 


I 

BBUrogaoeoss 
syFlems of phsjos 


I 

SotettoBf 

(Variable composition) 


Non- elements 

I 


Conapvuads 

(Fixed composition) 


ElomonU 


Puo subetaaess 


Analysis and synthssis. — The process by which a compound is 8epa« 
rated into iU elements is called (from the Greek analuo, I 

unloose). The formation of a compo^ from its elements is called 
Whs* (the Greek word synfAcsw meaning a putting together). The 
process of finding the composiUon of subsUnces is also called analysis ; 
qMliUttw uuijm leads to a knowledge of the constituenU only, whilst 
qosnnutir* ttatju determines the proportions in which they are united 
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Compoimds. — It follows from Uie definition of a compound that its 
composition is independent of the method of preparation, and that the 
same compound gives the same elements in the same proportions in its 
decomposition. 

Metallic tin mey be converted into oxide of tin in three different ways i 

(a) One gm. of tin is weighed into a counterpoised Rose's crucible (Fig. 
14), anrl heatetl in a stream of oxj-gen passed through the porcelain tube in 
tl\e crucible lid. llie crucible is cooled and weighed 
fnim time to time until its weight becomes constant. 
The residue is oxide of tin. 

<6) One gm. of tin foil is weighed into a counter- 
poised porcelain basin, covered with a large watch-glass. 
U is t mate* I carefully with succeasive small amoimts of 
concentrated nitric aci<l until the violent action ceasea, 
the watch-glass being placol over the basin after each 
addition to prevent loss bj' spirting. The ext'esa of acid 
is e\'aporated off on a sand-bath, and the dry material 
heate«l for a few minutes over a Bunsen flame. The dish 
is cooled and weighe«l. The rosUlue is oxide of tin. 

(c) One gm. of tin is wngheil into a conical flask and 
dissolved in hj'drochloric aci<l by warming. The solution 
of chloride of tin is dilute*! with water, and preeijuuted with a stream 
of hydrogen sulphide. Tlw tin sulphide is filterwl and waahetl. the filter 
paper an<l precipitate ignited in a weighed porcelain crucible, cooled and 
weighsil. TIte residue is oxide of tin. 

Within the limile of experimental error the weight of oxide of tin oblame*! 
from I gm. of tin in llw three ilifferenl metho<ls is the same- The composi- 
tion of oxide of tin is constant , and independent of the metUo<i of prepara- 
tion. Oxide of (in is a com|K>und. not a mixture or a solution. 

The chemical elements.— About nmety elements occur in nature (sec 
Iho list inside the front cover). Of these about onc-half arc commonly 
found in chemical lalwatorie*. and of these about twenty occur m 
nature in the uncombined state. About 99 per cent- of terrestrial 
bodies arc comiwscd of some twenty elementa and their compounds. 

An estimate of the occurrence of the clemenU in the air. the sea ana 
other waters, and the crust of the earth to a depth of twenty -four nn 
has been made bv F. W. Clarke, and in meteorites (31S iron and 125 
stone) by 0. C. Farrington. The tabic on p. 17 (for the symbols sec 
inside front cover) gives the average composition by weiglit ot these 

materials in iiarts |kt 100. . .. r u - « 

A combined table for the terrestrial distribution is the following, 

due to Clarke : 

4985 Calcium- • 3-18 Hydrogen • 007 

2003 Sodium - - 2 33 Titnnium • 0 41 

7-28 Poto»iiim • 2 33 Chlorine- • 020 

4-12 Magne.uum • 211 t'urbon • tJdO 


Oxygen • 
Silicon - 
Aluminium 
ln»ii 


Oxygen is «i‘n (Fig. 13) to bo the most abundant element, accounting 
for oiic-half lixe total moss ; silicon, which occurs mainly in the form of 



THE CHEMICAL ELEMENTS 
DISTRIBUTION OF THE ELEMENTS. 


17 


n] 


Lithosphere. 

Hydrosphere. 

Atmosphere. 

Mclooritee. 

0 • 

- 47 33 

0 • 


65-76 

N 

. 

. 


Pe . 


72-06 

Si • 

. 27-74 

H - 


10-67 

0 

. 

. 

23-02 

0 . 


10-10 

Ai ■ 

. 7-86 

Cl • 


2-07 

A 

- 

• 


Ni . 

• 

0-60 

Fe • 

. 4>5U 

Na . 


M4 

1 H 


, 

0-02 

Si . 


6-20 

Cs • 

• 3'47 1 

Mg • 

• 

0-14 

C 

« 

. 

0-Ul 

Mg . 

• 

3-60 

Na • 

. 2-46 

Ca . 

• 

0-06 

Remainder 

0*02 

8 . 

* 

0-40 

K . 

. 2-46 

8 • 

• 

0H)5 





Ca . 


0-40 

Mg • 

. 2-24 

K . 

* 

0-04 





Co - 

• 

0-44 

IV . 

V g.46 

N • 

• 

0-02 




• 

A1 • 

• 

0-30 

K . 

. 0-22 

Br . 


0*01 





Na . 

• 

0-17 

C • 

. O'lO 

C - 


0-01 




_ 

P . 

• 

0*14 

P - 

• 0-12 

I - 


0-000 





Cr . 

• 

0-00 

8 . 

• 0-12 

Fe . 

. 

0002 




1 

C . 


0*04 

tin . 

. 0-06 

Remainder 

0*002 





K . 


0-04 

Ba . 

• 0-06 



— 





31a . 

• 

0*03 

P . 

. 0-07 








Ti . 

. 

0*01 

Cl . 

. 0-06 








Cu • 


(l-Ol 

N . 




— 




— 

Remainder 

0-08 

Sr . 

. 0-02 











Remainder 0*51 



— 




— 



— 

10000 

100-00 

100-00 

ioo-oo 


oxide eiUca as quarts and sand, and in combination in many rocka> 
ie next in abundance. Nitrogen » contained in the atmosphere, and 



Flo. IS.^Tha distribution of tbo elomonta 

in matter, to- 

geiher equal only about I per cent. <rf Ae whole. 
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Tlie composition of the centre of the earth is not accessible to experi- 
ment, but since the mean density of the earth is about 5 6, the core must 
consist largely of substances of high density, probably iron with some 
nickel. This is surrounded by an intermediate shell of sulphides and 
oxides, or perhaps oxides only, of the heavier metab, and this in turn b 
enclosed by an outer sheU of silicates. 

By spKCruQi anaipis (Chapter XXXVI) it b possible to discover the 
elements present in the sun and stars. About one-half the iiumber of 
terrestrial elements have been identified in them, and there is no reason 
to believe that any are absent. 

The four elements. — The conceptions underlying the definitions of 
elements and compounds, although now almost obvious, wem reached 
only after centuries of effort. A brief account of the development 
of these fundamental conceptions will now be given.” 

The first clear expression of the idea of an element occurs in the 
teachings of Greek philosophers, beginning with Thales (fi40-546 B.c.) 
who taught that all things arose from u-ottr. ^aximenes (560-500 
B.c.) thouglit air was the primary substance, whilst Herakleitos (530- 
470 B.c.) , impressed by the consUnt change of the material world, re- 
garded the ever. varying /rc as the fundamentol principle. EmpedokJes 
(490.^30 B.C.) introduced the ideas of four “ roots of things : 
water and earth, and two forces, attraction and repulsion, which joined 
and separated them. Aristotle (384-322 B.c.) summarised tlio earlier 

theories and developed the idea of 
a priasiy nutter, callea h uU, on which 
a specific form (eidos) could be im- 
pressed. The same primary matter 
can receive different forms, just as 
a sculptor can make different stat- 
ues from the same block of marble, 
although Aristotle jircferred to 
think of the form as evolving from 
within, as in organic growth. The 
forms can be removed, and replac- 
ed by new ones, so that the idea of 
transmutation of elements arose. 

Pio. 16.— Arwtotle's four eleroeou. Aristotle’s elements are really fun- 

damental properties of matter, for 
which he choso hotness, coldness, moistness, and dryness. By com- 
bining these in pairs, as in the diagram, lie obuined the four «hin«u, 
fire, air, water, and earth. 

Water is the type of moist and cold things, fire of hot and dry, and so 
on. To the four material elements a fifth immaterial one was added, 
wliich appears in Aristotle’s later wxitings as the quinitisence or the 

The early hbtory of chemistry.— Cficmistry had its origin about the 
bee inning of the Christian era in the Hellenistic- Egyptian city of 
.\lc‘xandriR, and was the result of the blending together of knowledge 

• Sofl tho author** .Short of Chrmiolr^ ^Maemillon) for further Ootaib. 
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n] EARLY HISTORY OF CHEMISTRY 

from two sources : (1) the speculative philosophy of Greece, snd (2) the 
Egyptian practical arts of woricing in metab and glass, and dyeing- Thu 
Egyptian technique, handed down in the workshops, ia described in the 
Papyrus ofU^n, written in Greek about 300 a.d., although probably 
derived from older ^yptian sources. Some materials described are 
given Egyptian names {e.g. <uem for an alloy of gold and silver). Tho 
papyrus seems to have included the working notes of a fraudulent gold- 
smith. Recipes for plating base metals witJi gold occur In it, but the 
author is aware that transmutatirm did not occur. Tlius. he says : 

" One powders up gold and lead into a powder as fme as flour. 2 parts of 
lead for I of gold, and having mixed tliem, works them up with gum. One 
coven a copper ring with the mixture ; tlien heats. One repeats several 
timee until the object has taken the colour, li is dlflicull to detect tho 
fraud, siftce the touchstone gives the mark of true gold. The heat consumes 
the lead but not the gold.*' 

The earliest of the true chemical treatises, written in Greek at Alex- 
andria during flrst four centuries a.d., alnady speak of the artificial 



part IB celled hpas, the uppw C. ia e Easier, or ktrotaln * ; B an 

epperetUB for heating a phial in a sand bath. AU this apparatus waa 
well known before 300 a.d. 

production of gold and silver and Uie imitation of valuable dyes. The 
earliest name for chemistry is the Divine A ri ] the name ckemeia 
appears about 250 a.d. and seems to be derived from the E^^tlan word 
cAsmt, meaning ** black/’ or “ Egyptian,'* or both. One ^ the earbest 
t^tises is attributed to Demokritos, but is not written by Demokritos 
of Abdera (c. 500 a famous natural philosopher and one of the 
ongmatora of the atomic ^eory (p. 92). but during the first century 
A.D. The most conriderable treatise is by Zosimoe of Panopolis in 
fippt. who bved about 260-300 a.d.. and used the name dumeia. 
ihese treatises contain descriptions of chemical apparatus (Pig. 17), 
especially for distillation, of many chemical operations, and of some 
tod gS^ mentioned by earlier authors, such as Pliny, Dioskouridea 
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Alcbemy.— In CM a.d. Egypt wns conquered by the Arabs, who 
caused translations of Greek works on medicine and chemistry to be 
made by Xestorlan Christians, these translations often going through 
tlte stage of Syriac. Tlie Arabic name nUhtwy is the Greek-^yptian 
chemcia with the Arabic definite article af prefixed. 

Chemistry among the Arabs was principally cultivated by Jibir ibn 
Hay y an (c. 721-817 a. i>,) and al-R5ri (“ R hazes ") (rf. 025 a - i>,). Jabir 
and R hazes w*cre skilled practical chemists ; ibn Sina {*' Avicenna "} 



Ki» IS— til AppafAtu* for <liprstion (.Syriac M8.). 42| Apparatus 
for <liuewtioM m »iiwU rhumber (SyriAc 31S I (SJ Kcldft anU racaher 
(Syriac M8.) a Uler addilioA. 


(6, OHO A.D.) probably tlid not make chemical experiments, hut was 
credited with a book on alchemy quoted by Roger Baeon. Jabir taught 
that metals arc composed of mercury and sulphur, and are generated in 
the interior of the earth from tliese materials. 

A know ledge of chemistry came to £uro|)c in translations of Arabic 
works made in Spain, l>cginning about 1100 A.n., and important early 
Kludents of the subject were Albert us Magnus ( 1 103-1260) in Germany, 
Roger Bacon (1214-1202) in England, Raymond Lully (1235-13U J) 
j n Spa in. and A mold of illano va i n S pti n or Kra nee ( 1 240- 1310). The 
great min«l» soon lo«t interest in the subject, since the stip|K)5od trans- 
m iitat ions of base m etals into gold were four d to be fratid u len t. 

The three alchemical elements Uria prima) : salt, sulphur and mer* 
curv, were mtro<luoc<l by Paracelsus (1403-1541): sulphur was the 
principle of combustibility, salt the fixed part left after calcination, 
whilst mercury was the principle of metallicity. oontaine<l In all metals. 

It was HUpiuwrtl dial I lie melaU could be eon vert o<l into cold and 

silver by altering the (iroisirtions of inercur>* anti sulphur in them anti 
” cleansing *' tlie latter. Tins procr?« w«is to be brought about by the phiUM- 
oiilu f'$ , dcs< rd»< • I ns rcl pow f ler. 8* *me recljK^ for it« preparot ion , in so 

lar as they are inMIieihh*. diow that it wa.^ a compmnd of gold, ora soMtion 
ot m meriiiry. tlm luMcr Ijclng driven of! in the fire, leaving the got. 

K^i*efimontA <«* Mqip<*M^I trarLsmutation includetl roosting tho su • 
Tti^t'dli** mineral gahiiu »t» air. wl>en lea<l was fonne<h with a strong smell 
sulphur, <in<l tlw pi« lm i«m of a smnll button of silver when the leacJ was 

iMjnit .>iT by ^niiel. dish mml© of b<me-osh. Iron 

•oUmnv mineral lo«d.Mi>» y.aiiewliat like gold, was mclle<l with lea<l and the 
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ledd cupelled, when e mlnuta Amount of gold waA left. Botli the eilvor and 
gold pie*ex)sted in the minerals, and areseparaiotl from them at the present 
day. A steel knife^blade dipped into a solution of blue vitriol (copper eul* 
phate) apparently became converted into copper. 

'Hie later history of alchemy contains records of frauds. One method 
was to stir the tnaterials in a crucible with a hollow iron rod til led 
with gold powder, and stopped with wax. Many alchemists, however, 
were noneat, and in making experiments they added useful knowledge 
to practical chemistry. 

latrocbemistry.— About 1500 another school of chemists arose, the 
lAtroebcmisU. t.e. medical chemists, who attempted to prepare the elixir 
0 / life which should cure all diseases and confer perpetual youth. 
Paracelsus (140^1541} was the founder, and he also believed in the 
philosopher's stone. 

Van Helmont (1579-1044) represents the transition from alchemy to 
modern chemistry. His writings show the beginnings of scientific 
method, although he still believed in transmutation, and souglit the 
alkaheM or universal solvent. He thought everything was derived from 
water, as taught by Thales, and describes an experiment in which a 
small willow twig was grown in a weighed pot of earth, supjilicd only 
with water. After five years the tree was weighed, and had gained 
164 lb, in weight, the earth having lost praM^tically nothing. Hence he 
concluded that the tree had been lormea solely from water. 

It is an irony of fate that this conclusion, in which the assimilation of 
wbon dioxide from the air by the plant was ignored, was reached by 
the diwverer of that gas. Van Helmont invented tlie name gas, do- 
nved from duun, describing the supposed wild motion of its particles 
wd «Ued carbon dioxide pas ajrfvesire. i.e. the “ gas of Uie woods ” or 
the wild, untamable gsa,*’ because, having coriied up limestone and 
«id m a bottle, he found that the latter waa burst by the gas svlvestre. 
A gas, according to him, is something which cannot be kept in a vessel.* 
Flatibua he mentions another gas, gas piugue, 
which IS inflammable and is produced in putrefaction. It was probably 
impure hydrogen. * “ 

t> Modem chemistry may be said to have begun witli 

for .to own ake. and not as a means of 
making gold or medicines. In the second place, be introduced a 

ohemistry. and in partiedar wer- 
AristoteUan and Alehemicil elements by 
meS® that none of them could by any process be extracted from 

SoWhf “‘y he added to, and so 

areSent^rtJJe f" ” impounds, but the gold particles 

veUol r**' ‘o the same 

mSure. ^ ’ “^“hle, ponderous substance as it was before ito 

4 
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Boyk in UhSetptica! ChffmUf ajrrerd to use " elements and 

(mncij>les as terms eqnivaicixt, and to umlerstaticl l)otIi by tlic one and 
the otlier. those primitive ami siiiijde hmlk'scf vvhieli tlic mixed ones arc 
said to l>c com(»ose<l, aiul iiito uhicli they are nUirnatcly resolved . 
According to Rovle. the elements arc the practical limits of chemical 
analysis. Lavoisier, in his Traitt Chimk (ITSII). adoi)ecl the same 
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definition at the same time cmphavj^jng that at some future dale, with 

imiirovisl melhcHU, sulwtamss tlien nifardcKl ns elemeids might In- 
shown to l»c eominmnds. ult hough • wc- might never to suppo.se them 
cominmnded until ex)NTiment an<l ol>servation have j^roved them to be 

) t 

* Uvoiaicr was alx>tliofirslt->!:iv<- a noarly correct. Ilioiii;liinc'i>nii>loto, 

t il.lc of chctiiical cIciMcnls. S«in<- sol.staiiccs wliicli lie cla.^sccl ns 
.■Icraciits such a.-, the «>-.allc.l -cnrtlis ' iliiiic. iu.ii'iic«ia, niuioma) and 
till’ alkalis liwtnsh, smla), wcr.- aft.-ruaisls sliowii hy Davy to In- com- 
|!i)iiii.ls las Uvoisicr sns|H'<t.s)), aii'l many elements have In-eii dis- 
roverwl s^ince I^voi.'ier's time. 

• Rq>fin«e<l m the ^,*»yry/nnn series. 
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Chemistry hid a long rosd to travel between the Umes of Boyle and 
Lavoisier, and at times went astray. This was partioulariy the case m 
the study of comhustion, in which after a good start with Boyle, Hoolcc, 
ftnd Mayow, a false turn was taken with the so-called phlogiston thwry. 
It was the esUblishment of the true theory of combustion by Lavoisier, 
and the discovery of the composition of water by Cavendish, which laid 
the foundations of modem chemistry. These two aspects of the subject 
will be taken up in the chapters which follow. 


CHAPTER m 


THE COMPOSITION OF THE AIR AND THE THEORY 

OF COMBUSTION 

The discoTery of gaso$. — Reference has been made to tlie two gaees 
described by \'an Helmont (c. 1620), ijat stjlvtsfre (carbon dioxide) and 
gas pingue (hydrogen). Stephen Hales (1727) collected several gases 
over water, but did not realise their qualitative <lifference8. Tl»e two 
gases of \*an Helmont were carefully investigated by Henry Cavendish 
(1706) : gas sylvtstn was named ^itd air by Joseph Black (1754), and 
gas pingus mflamiubU air by Cavendish (1760). Inflammable air was 
obtained by the action of sulphuric and hydrochloric nci<]s on zinc, iron, 
and tin. Cavendish observed that the inflammable air was ** the same, 
and of the same amount, whichever acid is uso<l to dissolve the same 
weight of either metal," iron and zinc, and hence he concluded that it 
came from the metal. Inflammable air was much lighter than common 
air, whilst carbon dioxide was heavier. He collected fi.vc<l air over 
mere ury and determ ined its sol ubility in water. ( * ' On Fact i t io us A irs , " 
Phil. Trans., 1706.) 

Joseph Priestley (1733-1804) • discovered several new gases. At 
that time gases were called ** airs," Van Helmunt's name ga.< having 
dropi^ out of use. FVicstlcy prepared and examined oxygen, nitrous 
oxide, nitric oxide, nitrogen dioxide, hydrogen chloride, ammonia, 
silicon fluoride, and sulphur dioxide, He Improved the pneumatic 
trough, and collected over mercury many gases which are very 
soluble in water (e.g. ammonia, and sulphur dioxide). Priestley's 
work established the existence of different gases each with definite 
properties. 

Combustion and the calcination of melab.^There are two kinds ol 
chemical change which, since they were investigated side by side and 
depend on the same cause, may be described together. These arc com- 
bustion, and the calcination of metals. 

The alchemists attached importance to the effects of heat on sub. 
stances. Metals, except gold and silver, change when heated in open 
crucibles, and leave a dross, which wa.s called a calx (Utin co/J. lime). 
It wa.s noticed in the sixteenth century that this calx is heavier than the 
metal : the explanation usually given was that fire has weight , nml wa.s 
absorbed bv the metal in forming the calx. Jean Uey (1630) ‘ devote<l 
several hours to the question without making many expenmenls, and 
concluded that tfie air becomes thickened op adhesive by the action ol 
the fire, and mixes with the caU. 

• p« DtJfcrtM Kinds o/ .4if, 6 vela 1774-80; abrideod edition. 3 

voU. UDO. 
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Nitre air. — Robert Boyle* <1673) heated tin in a glaas retort, and 
when it waa melted sealed olT the neck and continued the heating for 
two hours. The retort waa cooled and Uie scaled tip of t he neck broken. 
Air rushed in. " because when tlie retort was seated, tfic air within it 
was highly rarefied." Boyle, from his method of experimenting, did 
not notice (as Lavoisier did a century later) that some of the air was 
absorbed, although he found that the tin had increased in weight. 

Boyle shouted that sulphur sprinkled on a red-hot ]>latc under an ex- 
hausted a ir-pump receiTer smoked bu t did not bum . On a<] m itt i ng ai r , 
" diyera little flashes were seen." But if gunpowder were sprinkled on 
the hot plate under the vacuous receiver he saw " a pretty broad blue 
flame, like that of brimstone, which lasted so long as ue couhl not but 
wonder at it . " G unpowder could also bum under water. Boy I c , some- 
what reluctantly, concluded that a flame can exist without air^ and that 
the increase in weightofmetaU on calcination U due to their absorption 
of" igneous corpuscles." which he considered to be material and capable 
of being weighed in a balance. He observed that if eliareoal is strongly 
heat^ in a closed retort it does not burn, but the eapu( mortuvm (a 
fanciful name due to the alchemists, wlio represented a residue by the 
s^bol of the skull and crossbonea) becomes black again on cooling. 
If air IS admitted the cliarcoal burns and crumbles to wfiite ashes 

The last experiment was repeated by Robert Hooke (at one time an 
aasatant to Boyle), who in his Micrographic <1065) put forward the first 
rational theory of combustion. Hooke found that a bit of charcoal or 
sulphur bums brilbantly when thrown into fused nitro 


Fuse about 5 gm. of nitre In eacli of two hard .glass lest-tubea. snpporle<i 
by clamps over a tray of sand. Throw into one a small piece of charcoal ; 
this swims a^ut and bums brightly. Into the other throw a piece of 
sulphur; this bums with a blue flame. ' 


of Smbuston (nolpubbshed) Hooke founded his theory 

boi« uniwmldissolTent of »I 1 sulphurous (.'.e, combustible) 

(2) This Mtion of dissolutKH) produces a very ercat heat and 

fte absent of ir «>“tit“ent of which is nitre, 

1700 J do. by Shsw^^3SoS!*l7*2^^** Bouhon. 4 vola, 1609- 

t Tnttatu* werfioo-pAywci. Oxford. 1674. 
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( 1 ) Mftyow mvert«d a glass globe over a lighted candle standing in water> 
equalising the leveb of the n*ater by a siphon » which was then quickly with* 
drawn. The water rose inside the globe, showing that some air had dU* 
appeared. When Uie candle was e!£tinguUhed, a large bulk of air was lefti 
but this woxdd not support the combustion of sulphur or camphor on a 
small shelf inside the globe when they were haat^ by a burning glass. 

(Fig. 1»>- 

(2) A mouse introduced into a vessel together with a burning lamp lived 
only half as long as a mouse in the same vessel without the lamp. If a 
mouse was kept in a vessel of air closed by a bladder (Fig. 19), the con* 
traction of the air was perceptible. 



FlO. 19.— >Mayo«*s exporimenu (from his Trotfofus quinqut nudico- 

pAystW, IG74). 

Tho iUustrstions depict the expcrireents on combustion and on the 
respiration of a mouse deecribod in tho text ; also I ho contraction of 
sir confined over water by tho reepiraiion of a mouse. an<l tho collec- 
tion of " air " (uitrie oxide) from iron balls and dilute nithe acid in an 
inverted fiask. 

(3) (;anpow<lor rammed into a paper tube and ignited continued to bum 
under water. Tho air fixed in nitre con therefore lake the place of ordinary 
air in supporting combustion, and since things bum more brilliantly in fu8o<l 
nitre than in common air, the nitre must conUin an abumlant supply of 
nitre air, which is the part of common air concemM in combiwtion. 

(4) Mayow refers loan experiment described by Hamenia Poppnia (1025) 
an<l I-o Fevro (1600), vi*. calcining motoUic antimony on a marble slab by 
meorjs r)f a buming-glww. Although abundant fumee were evolv^. the 
calx wcighoil tnore than the metal. Tlio calx was identical with that formed 
bv tUo action of nitric ackl on tJio metal. 

Muy<»w did not succeetl in isolating nitrous air, althougli but a step was 
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ceeddd, viz. strongly Iteotong nitro, and although Hooke In his Lantpa^ 
(1677) says that his theory was generally received (a similar theory was. in 
fact, mentioned by Lemery in his Cours dt Chx/mU, 1675). these beginnings 
of a true theory of eombustion gave i^ace to a theory <iue to two Gorman 
chemists* which persisted for a century and obscured nearly every branch 
of chemical science. This was the famous pUo^ton theory of Becher and 
Stahl. 


The phlogiston theory, — John Joachim Becher in hU Physita su6- 
lemxTisa (1669) remark^ that the constituents of bodies are air* water* 
and three earths, one of which is sajfamnuzb/e {Urra pinguU), tl)c second 
msrcuriof* the third fusible or ttfreous. These correspond with the 
sulphur, mercury, and salt of the alchemists. 

Georg Ernst Stahl* professor at Halle* in his lectures and text -book 
(Fundaimnia chymiae, 1723) popularised and improved Becher’syiews. 
He us^ the name phlogiston (from the Greek pAktf - flame) for the Urra 
pinguis. When bodies bum* phlogiston escapes with a rapid wliirlmg 
motion ; when the original b^ies are recovered by reduction* phlo- 
giston is replaced. OU, wax, and charcoal are rich in phlogiston, and 
may restore it to a burnt material. Zinc on heating in air burns with 
a brilliant flame, hence phlogiston (^) escapes- When the white calx 
of sine formed is heated with charcoal (rich in phlogiston), zinc distils : 
calx of zinc + ^ - zinc. Similarly with other metals. Phosphorus burns to 
produce an acid and much heat and light are evolved : phosphorus - 
acid + If the acid Is heated with charcoal, phlogiston is absorbed and 
phosphorus is reproduced. 

Suhl’s theory united many previouriy isolated facts, end was largely 
Mcepted during the eightcentli century, alUxough Boerhaave, in his 
important (1732), does not mention it. During this 

period tho increase in weight of meUls on calcination was usually 
tieory ' destined later to overturn the phlogiston 


meretee of »«,ght i* <hown by oxperimont. Finely divided reduced 
‘ magnet eo.mterpoieed from a balance 

In-. . P«P»>- <>«"« pl«e*d in the pan underneath. A 

epwt-Ump l^e u applied to tho UdU of iron : the powder begin* to glow. 

“Sgnet sinks, because the iron increesse in weight. 

,«^«to«,t»._C*rl Wilhelm Scheele (1742-1786), a poor 

dS^veriS^ fundamenul chemical 

Th on combustion bemg published in his treatise On Ai> 

^ 1773 but owing 

"ben many of Scheele'f 
iaSr..^ “xlependently, and published^ by Pri^tlev 

Itborltoy note“ ‘ e»‘*blished in 1 802 from 4 origiii 

ssiHssssEsa 
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with w&ter, aU of which, he says, are rich in phlogiston or the injiam- 
tiu^U substance. In all cases there was a loss of air. A yellow solution 



Fio. 20. — lACraaaa io weight of iroo oo burning. 


of sulphur in potash became colourless in contact with air. and then 
conuined vitriolaUd tartar/’ which could be formed from potash and 
sulphuric acid. 




Take three gloss lub«. 2 ft- long and | in. wide, fitted with rubber stoppers 
and divUled into five equal volumes by strips of label. In one place a 
moistened piece of Uver of sulphur (made by fusing potassium carbonate 

with flowers of sulphur in a covered crucible till 
evolution of gas ceases), and in a second a piece 
of phosphorus stuck on a pier© of copper wi^e^ 
Wet the inside of the third tube with water and 
sprinkle it with clean iron filing. Allow the three 
tubes to stand inverterl in a cylinder of water for a 
few days (>'ig. 21) and obxerve that the water rises 
in the tubes until one-fifth of the volume is occu* 
pied. Cork the tubes, remove them and insert a 
Ughte<l taper into each. The flame is extinguished. 

The inflammable substance was not in the re- 
ddual gas. for if this had been formed by tlio 
union of common air w'ilh phlogiston, and con- 
traction, it should be denser then common 
air. But : "a very thin flask which was filled 
with this air, and most accurately weighed, not 
Fjo 21.— Diminution of did not counterpoise an equal volume of 

Air by phosphorus. ordinary air. but was even somewhat lighter. 
Ti„.s •• the air .> campottd of l>co fiaide. differing from each other 
Olio of which docs not manifest in the least the property of attracting 
pldogiston, whilst the other, which composes between the third and 
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fourth part (really one*fifth) of the whole mass of Uie air, is peculiarly 
disposed to such attraction." These two fluids Scbeele called foul air, 
and fire air, respectively. 

St^eele next placed a little phosphorus in a thin flask, corked the 
flaskf and warmed it until the phosphorus took Are. A white cloud was 
produced, which attached itself to the sides of 
the flask in white flowers of ** dry acid of phos- 
phorus/’ On opening the flask under water» 
the latter entered and occupied a little less 
than one-third of the flask. By allowing phos- 
phorus to stand for six weeks in the same flask 
until it no longer glowed, contraction of the air 
also occurred. 

Scheele then burned a hydrogen flame in air 
in a glass globe standing over u'ater (Fig. 22). 

The water rose until it Hlled about one-fourtit 
of the flask, when the flame went out. 

Bum a jet of hydrogen from a Kipp's apparatus 

inside a g^uated bell-jar over water. The gas is 

turned off as soon as the flame (which becomes 

enlarged and very dim towards the end) goee out. _ 

After cooling, oao-flfth of the air has disappeared •*' 

penment on thecomhl1e• 

' tk>n of inflammeble air. 

Scheek thought that hydrogen (inaammable air) waa phlogiston, and 
m considering the last experiment be asked himself : 

(1) What has become of the Are air ? 

(2) Where has the phlogiston (inflammable air) gone ? 

Tlie fire air, he argued, must either 
remain in the air, be dissolved in the 
water, or have cs»ped through the vessel. 
He dM not notice the moUture (which 
contained both the missing gases) con- 
densed on the flask because he U'orked 
over hot water, w'hich gave off steam . The 
foul air was lighter than common air, 
although the air had undergone a contrac- 
tion, hence the two substances cannot be 
present in it, and he found nothing in the 
water. Scheele concluded that the fire air 
crlfi» ^ j . phlogiston had escaped throueh the 

rcTem thU chMge, .'.e., to decompose heat into 
subg^n PunKwe he must present to the heS a 

attraction for phlogist^ than U shoS^by 



fto. 23 .^^}ombu 0 tio& of 
bydrogoB m &ir. 
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fixed, and Scheele did thb by combining it with potash, and setting the 
acid ftte at a high temperature by distilling the nitre with strong oil 
of vitriol (sulphuric acid) in a retort (Fig. 24). Red fumes came off, 



FtG. Molation of fire air. 


wluch were absorbed in a bladder containing milk of lime attached to 
the neck of the retort. The bladder gradually filled with a colourlew 
gas in which a taper burned with a flame of dazzling brilliance. This 
was fire air. 


Scheele prepared fire air in other ways. He heated calx of mercury 
{tMreurius caUinaM per ec). which he supposed absorbed phlogiston from 
the heat, setting free the fire air : 

Calx of Mercury ♦ + Fire Air) » Calx of Mercur y) + Firs Air 

Heat Zkletallic Mercury 


He also obtains<l fire air by heating *• black manganese ” (manganeae 
<)ioxi<le) with axilphuric or arsenic acid, nitre, magnesium and mercurous 
nitrates, arul silver or mercurous carbonates, theasriof acid (carbon dioxide) 
simuUancously produced from the carbonates being absorbed by moans of 
an alkali : silver carbonates silver -f fire air + aerial acid- 


Schcele found that fire air is compieUfy absorbed by moist liver of 
sulphur. When he burnt phosphorus in a thin fiask of it, the flask burat 
on cooling. With a thicker flask, the cork could not be t^ken out under 
water but could be pushed in, when water rushed in and filW the nask. 
A hydrogen flame continued to burn in the gas until seven-eighths were 
absorbed, When fire air was added to the foul air loft af^r combustion 
of hvdroEcn, etc., in air, so as to restore the original volume, the mix- 
ture ha<i all the properties of ordinary air, e.g- it left the same residue 
after standing over liver of sulphur. 

Fill a oas-inr. divide<l into 5 parts, fi»ur-fifths with nitrogen, and then fill 
.,|) tlio remnImnE fifth with oxj-gen. Test the gases separately m tubes with 
taper, Jiiul then the mixt^iro. 


SvlieeU’ c-..iifinc<i animals aiul insects in air. taking care to put along 
, vioV tl.cn, thoir appropriate foods. He found that they ultimately 
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died ; atrial acid (Black’s air) was produced and a contraction of 
the air resulted, tbe residue extinguishing a flame. Similar results werv 
found with sprouting peas. Two Urge bees were placed in a bottle of 
fire air over milk of lime. Scheelc having “ provided some honey for 
their stay/’ After eight days the bottle was almost completely filled 
with liquid, and the bees were dead. He also noticed that fire air is 
partly dissolved out of common air wlicn tliis stands over water u liich 
has been boiled. A candle bums more brightly in the air cxjjcllcd from 
water by boiling than in common air. 

PriertUy’t experiaienU.— Joseph Priestley (1733-1804). having come 
into possession of a powerful lens or bvmin^-gloM, tried by iu aid to 
extract “ air ” from various chemicals given to him by his friend 
Warltire. Among these was red precipitate, or merevrtua cakinatun per 
«, obtained by heating mercury in air, the nature of u liicli had long 
been a puzzle. The subsUnecs were heated by focusing the sun’s rays 
on them in small phials filled with and inverted over mercury, 

Having procured a lens of twelve incl»ee (Uameter. and twenty inches 
fo^l distance, I proceeded with great alecrity to oxamino. by the hch) of it. 
what kind of air a great variety of aubetances. natural an<l factitioua [i.e. 
artyicuiwy prepared ; cf. Cavendish’s /acreVi'owa airs] would yield - , . VS'ith 
^ variety of other experimenU, ... on the lat August, 
1774, 1 endeavoured to extract air from nrereuriu# calcinaiut ptr tt \ and I 
prewntly fouj^ that, by meena of this lens, air was exiielled from it very 
fsadily. Havmg got about three or four times as much as t lie bulk of mv 
ma^ials, I admitted water to it, and found that it was not imbibed by it 
But what su^ri^ me mom then I can well expie^. was. that a camllo 
burned in this air with a remarkably vigoroits flame.” 

.ti-o/? ‘P' P"*«‘*ey in 1772. had obtained oxygen by 

that U "‘rff’ ^ recognise (aa Schecic did) 

nLwv ~ common air. Priestley did not com' 

pietejy recognise this until March, 1775. ^ 

^uharlv^^ Kf hmstiu and fancied his ” breast felt 

afterwards ’’whence he recom- 
^ medicine (jt U now used in the treatment of cas 

air aupporte combustion because it U onlv bSrtfv 
pUogiston and can absorb more of it SuUfi^^\ ^ 
a moderate flame, whereas in the niw ail th! 

f«rethenewgaamu.tco«t.inUtUeornopMogi,u.n:^V^^^^^^ 
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cftllecl it dephiogisticated juj. Th<* aas left when bodies burn out in 
orciinary air was named, for a sintilar reason, pUogisticated air : 
D<*pbloj!l<!icatcil Air - Air (Scheele's Fire Air : Oxygen.) 

Phlogi<ticate<l Air ■ Air •'<6. (Seliecle's Foul Air . Nitrogen. ) 
Priestley iMdievwl that ** phlogiston is the same thing as inJiatnniable 
air [hydrogen], and Is contained in a eemthimKi state in metals, just as 
lised air IS contained in chalk and other calcareous substanws ; l>oth 



I. WciMI-K 


bring ectmdlv ca|wble of Ining cxi« IImI again in the form of air | by the 

oTingtohisittsu hmeni l«»the pUlogM'm theory I in uliich he brlieverl 
till hi.s death) Prh -tlet ua> fiol able to give a et>rn*et explanation ol 
ii;^ rtviu.pirncntx 'I'his wa> tir-t done bv f/iivoidcr 

LaVoisier’s Theory. Antoine Liurent I.ascuMcr (17-I3* 1704). the 
futnous French man of ^ei.m^-. U^yan ic» ex|HTiinrnt on combust urn in 
!77 > He found that metal^ HhenealenuKl iiicrea^c in weight. asi>oinlr<l 
out bv Krv ill Uy'MK an<l an r<|iial « eight of air 1 *^ absoi kxI In a giui 
vllIume'Aireale, nation pr.ueerU tc. a lix<.l hunt . aud an una^^ 

remains PhoM>horu- iMjni'; m a ninfiiUKl \«»lumi ‘^f . tiu 

dtminird veanme extinguidie^ n ta,H-r. and the white |K,wdcr fornuxJ 
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weighs more tl^an tiu* p]ifis|»fi(>nix. H<* c*r>ii<*liiflc*<l tlmr nn 

burning (akf tsomf/himj from tkr air. 

Lavoisier mofliHcti Hoyk^V i.‘x|N*ririiont cif calrinhi^ tin nimI 1<mmI I>v 
using weighed seuJfi! n*t(»r(H. Hv found no c hange in \'rig)i 1 (wfdoli dis* 
proved Boyle’s theory c»f thotixalion i»rignmnst’or|Miw*li’s) until air was 
allowed to enter, Oti lientiiig the oalx of lend with e}i:in‘<ial it lost in 
weight and ''an nir whs uhiiiidantly evolvtil/' Tims something is 
taken from the calx in f(»rndng Ihr metal, and lids must In* " an air." 

In October, 1774, IMestley visitwl Paris with I>inl SliellainK*, and 
told Lavoisier at dinner of his discovery of tlt‘phlt)tristieatis| air. saying 
he " had gotten it from prfcip. p^r u and al«» m/ trts4 " ; wlieinaiiKni, 
he say*, '* all the comr«ny, and Mr. and Mrs. Livoi.deras niin h as any. 
expressed great snrprisc." LavoiskT was «|niek to >ar Hie jinjMirtutil 



Pio. 24.— D«morwi ration of tho vuMi|>o«ition vfiiir hy Uvuisicr 


dtphlogiiUraM air ia abaori.rri .» Ihr mUi,,a- 
(m9) in his TraiUde Cl.mie 


‘ •■''■nmnnictcl with a 

eu. r«| voliim* of air in a bcIl-jar over mrr. urv fKiir S5i TI.a . 1 .™. 
of Air m the bell and in the retort waa 50 rn. in. aU a , i, 1^ "’! 

*m1m no"^* ''fto' twelvj dnj* the 

-topped, Thr;i;’;:T:iiirar:«iro 

to waightfs irrains n»m- « *..« e «ereiOll©ct»l and found 

“PAble of supporting teepiration Jid 

a ruixiou. esbaUtioa fn,™ ^ ^ 
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t'l^cthc'r with 41 \ i^ins of mcmir>*. When this vital air wna added to the 
atmospheric mofettc, or<liixar>* air was formed >vithoiit any evolution of 

heat or light, hence air is ])robi»hly simply a 
mixture of tliese two gas&t (as liad previously 
been suggested by Sclteele}. 

Lavoisier made experiments on the combus* 
tion of substances in vital or *' pure air, and 
summed up his conclusions in four statements 
which comprise the aaciphlogistie theory (1777) : 

(1) Substances bum only in pure air (oxy- 
gen). 

(2) Non* metaU. such as sulphur, phosphorus, 
and carbon, produce acids on combustion ; 
hence the gas was called oxygen (from two Greek 
wonU meaning “ producer of acids ”). 

(3) Metals produce calces (basic oxides) on 
absorption of oxygen. 

(4) Combustion is in no case due to an 
eaca|>e of phlogistoit. but to chemical combina- 

Kio . 20 . - 0 « jnr nnU tion of the com bust iblc su bstance w ith oxygen . 

dodagralmg Lavoisier’s exi)crimorjts may l>a repMlwl by 

burning sulphur, phosphorus, and carboit mjara of oxygen, thexubataneex 
lieing held by deflngrating spoons (Fig. 26). and shaking the piwlucta with 
litmus solution. The latter is reddened. Magnesium ribbon bums with a 
blinding light giving a while calx, which Uirun moist red Utmits pu|M>r blue. 






Fio. 27.* The oxidelion of phosphorus. 


The increase In wlicn ,.li.w|.honi* bunw miiy be ebown by iho 

following ex,K.rm.en. . A snw.ll |.ioco of .Iry ,.h«s,.l.or«s i* l.lne^ 
two plugs of in n glass li.be (Kig- 2 ‘) «"■! tlw> t..l« we.,/l,od. U ^ 

uttoehed to »n ftspiru.or bottle from ul.icl. a slow stream -’f 
to run thus ca.using u . i.rrent of oir to tl.ruugh tlu. li.bo. Tl.o t. bo is 

gently unt.l the tub*, fire. Tl.o uhito ..m<« prcslurod 

in tl.e combmtion are ...ostly mta.ned by ll.e asbestos. When con.bust.oQ 
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ceases, the tube is allowed to cool and weighed. It will have gained in 

weight. 

Lavoisier'e new theory was not accepted at once ; Black in England 
and a few French chemists supported it, but there was a difficulty 
to be overcome. A metal like zinc dissolvea in acid giving inflam* 
mahle air, and a salt is left on evaporating the solution, which, on 
strong heating, parts with its acid and leaves tlie calx of the metal. 
The same salt is formed when the calx is dissolved in the acid, but no 
Inflammable air is then evolved. Whence comes the inflammable air In 
the first experiment? This was an easy question for the phlogiston ists. 
The metal contains phlogiston as well as calx, so that in reacting with 
the acid it evolves this phlogiston as inflammable air. Lavoisier’s 
theory could give no explanation of the origin of tlie inflammable air ; 
this was first supplied by the researches of Cavendish on the formation 
of water from inflamiBablo air and dephlogisticated air. 


CHAPTER IV 

THE COI^IPOSITION OF WATER 


Cavendish's experiments.— Inflammable air was first collected by 
Boyle. He filled a bottle with dilute sulphuric acid, put some iron nails in 
it and invertetl the bottle in a dish of the acid, Bubbles of gas rose from 
the iron and collected in the bottle- Boyle in 1672 also described the 
combustibility of hydrogen and showed that a hytirogen flame is ex. 
tinguishtnl in an exhausted receiver. In 1776 Macquer noticed ^ 
hydrogen flame deposits moisture on a cold saucer. Priestley in 1781 
observed that when a mixture of dephiogisticafed air (oxygen) and 
injiammahlf air (hydrogen) is kindled it explodes violently. Warltire 
notic'ed that when the mixture of gases in a clo5e<l glass v(wl was 
kincliod by an electric spark, the inside of the vessel, after cooling, was 
bedewed with moisture. 


Collect a inixliire uf 2 v<»ls. of liy«lrogen aiui I vol- of oxygen m a strong 
srxia. water bf)ttle over water. Tlie bottle a wrapiwl in a strong towel, with 
a short length of neck onlv projecting, and the whole placet! in a strong tin 
can or iron mortar. Kindle the gas by a long tajier. There is a loud ex- 
plosion.* 

By firinu tlic gases in a copiwr globe with the electric spark Priestley 
thought he fouml a sliglit loss of weight, which he put down to the 

**(:^endiBh in 17K1 ignited a mixture of common air and inHainmablc 
air in a glass glol« bv means of an electric s|>ark. He found that, with 
423 vols. of inHammable air to 1000 vols, of common air, almost 
the inHammable air and about one-fiftli part of the “'J.'Jf!; 

their elasticity, and are condensed into the dew which lines the glass. 
There was no' change in weight after explosion. , . „ 

To examine the nature of the dew. Cavendish performed an exper 

ment similar to Hie following- 

Uum a jet of hj-drogen. dricl by calcium chlori.le. on.ler a 
code<l bv ninning col.1 water (K.g- 2S). Notice the wUection of moisture 
on the n.'.t.si.lc of U.e flask, wl.ieli droi» ofl a.,. I may bo eollcct^l m a small 
dish. It will be h.un.l lliat this ll.,ui<l is .ahmriess. laslcl«». boils at 
and leaves no residue on evaiH.raliuii- It Ls water- 

ravenriish i.re|«red a mixture of Itlo vols. of dephlogisticated air 
(oxvacnl and 370 voLs. of inllaminable sir (hydrogen) m a bell 
w^Wr Trend of a siphon tube, attached to the previously exhausted 

. This aa.1 similar experiments mus. be performed -ilb adequate precautions 
lo or^vent injury io c<*e iho boUle ghould burtt. 

^ 36 
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glass firing'globe or eudiometer (Pig. 29), wns covered with a bit of wax 
and passed inside the jar. Tkie wax was knocked otf and on opening 



Fio. 28.'— Formation of wator by the oombustion of hvHrapen in air. 



tbe stopcock (he globe was filled with the 
gas nut are. The tap was closed and the 
mixture fired by a spark. The gas '* lost its 
elasticity," and on opening the stopcock 
the globe was again filled with tlie gas. 
which took the place of that converted into 
Uquid water by tlie explosion. This w'as 
repeated six times, and water was pro- 
duced, The ratio of the combining volumes 
of hydrogen and oxygen found in these 
experiments w'as 201 : 100. 

Cavendish found tjiat the water produced 
in this oxperUnent was acid. He proved that 
the acidity was due to nitric acid, formed only 
with oxygen in excess and due to the com> 
bination with oxygen of nitrogen present in it 
as an impurity. 


Acid is not produced in ex- ^ 
ploaion of hydrogen with oir, because the \ 
dame is then not hot enough. 

Cavendish’s experiments on the cause of 
the ^idity of the water delayed publication 
of his memoir until 1704. His conclusions 
w^: “I think we must allow that de- = 
phlwiicated air is in reality nothing but 
dephlogisticatcd water ; and that inflam- if, 
^ble air is either pure phlogiston, as Dr. 
Priestley and Mr. Kirwan suppose, or else 
wat^ united to phlogiston," and in all probabiL 
would represent the formation of u*ater as follows 


Inflammable air s u'ater -f ^ I 
Dephlogisticated air » water - ^ J 


= 2 water. 


Q 
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( avendish look (wat^r-^) f<»f mBammablc air» becatJM a red heat is 
ne<*eA«ir>* to start ihe combmetion of the two eesea, whereas nitric oxide 
(c/. p. 36) combines with dephiogislirate<l air (oxygen) at tiie ordinarv tern* 
perature. ami in jiresence of water form* nitric acid. Nitric oxide Is 
proiluee<i by the action of copper on nitric acid, and was regarded as (nitric 
Qcid-f*^), It is improbabke that dephlogisticate<i air should be able to 
se|)Hrato ^ from its combination with nitric acid but not able to unite with 



free 4 (if this is inflommAhIc air) iirufcr tl»c >Jimo con<lirions. Henco in- 
(huiuiMibie air ih (iroimbly not pure ptilogiMton. lait ph1<igj*ticatoil water. 
< nvriirlMh there ton* though I that water jirc'CNiNtcnJ in the two gaeos. and 
it* foritmtion on rsploaton miis *irii|»ly duo to a transfer of phlogiston. 
Jurnes Watt l* sometimes crc*hlod with slat mg. in a Micr publishp<l in 17H4. 
chat water Is fomftosa/ of tlie two gasvs, but there arc reasons for doubting 
this. 

LaTOisier*s explanation of Cavendish's experimenU. — Lavoisier hn<i 
been lui/rkHl bv the cotiibu-vtion of hydrogen in oxygen, which ho 
thought >h<MiI<i pn«luoo an acid. In ItsU he n*«)lve<l to make the 
experiment fti burning h^dr‘»g^•n In oxyg<*n on a larp*r scale, w> that the 
product , whatever U wo** 'hould not t*sca|>e his notice. In May or June 
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of that year Sir Cfwrles Blagdeii. formerly Cavendish s assiRtant, visitocl 
Lavoisier and told him of Cavendish s experiments. Uvoisier saw thi* 
importanceof the result, and on 24tli Jnne, 1783, he repeated the experi- 
ments in the presence of Blagden. On the following day an account of 
them was sent to the French Academy of Sciences, and was published 
in the In 1784. Practically no mention is made of Cavendish, 

whose paper did not appear until 1784. Lavoisier has no claim to the 
discovery of the composition of water, but he must be given the credit 
of having first clearly stated the results. He said : water is not a 
simple substance and it is composed, weight for weight, of inflanimabic 
air [hydrogen] and viul air [oxygeu]." This is a deduction from 
Cavendish's results. 

In 1784 Lavoisier and Meusnier decomposed water by passing steam 
over iron borings heated to redness in a gun- barrel. Hydrogen u aa 
liberated and the Iron converted into the same black oxide as U pro- 
duced when iron wire burns in oxygen. 

A piece of iron pipe loosely packed with small iron nails is oon- 

nectecj with a flask of water at one end, an empty flask and gas delivery lube 
being at the other, os sl^own in Fig. $0. Heat the iron pipe to redness and 
boil t)>e water in the flask. Water eoUeeta in the empty fiask, 
showing that the decomposition is not complete, but bubbles of 
gas are evolved from the delivery tube. Show that this is hydro- 
gen. After the experiment examine the residue in the tube. 



FlO. 30.>^Decomposiiion of eteara by r«d<hot iron. 


Insert a piece of burning magnesium ribbon into a Is^ conical flask in 
which water is boiling vigorou^y. The metal bums brightly in the steam, 
the hydrogen produced bums when kindled st tJie mouth of tlie flask, and 
white magnesium oxide remains. 


^voisier was now able to explain the difficulty mentioned on p. 35, 
^d 80 remove the last argument in favour of the phlogiston theory, A 
ttelal such as xinc, when dissolving in dilute acid, decomposes tlie 
water, liberating hydrogen and combining witli oxvgen of the water to 
Iwm the calx (oxide), which then unites with the'acid to form a salt, 
ihe onpn of the infiammable gas was therefore cleared up, Lavoisier 
regaled the acid as an oxide : at the present time the hydrocen is 
regarded os coming from the acid. ^ ® 
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From 1785 the thwry of phlogiston soon disappeHml and modern 
cliemistry liacl its origin in Lavoisier's writings. The material had 
been coliecte<l by tlie investigations of Boyle, Priestley, Cavendish, 
and Echeele, but it re(|u>re<l the clear and original mind of tfie great 
Frencii chemist to explain it and to form it into a logical system. 

Monge in 1783 explode<l hytirogen and oxygen, drawn from two 
graduatetl jars into a previously evacuated glass globe with Bring 
wires (Fig. 31). No fewer than 372 successive explosions were made, 



Fio. 31.--Mong«*M experiineni of tho rombiniition of hydroiien anil 

oxygon 

The ffaooH wcroeolleclod thtough siphon tuboa. pr, PR. in the gTHcUi* 
ated eydmdon. G arwl H : they paafteU through the etopeocka. 1 on<l K. 
to (he globe. M. previouely exhauelod through the tap. L. leeding to nn 
air*pump at 0 , 


producing four ounces of water, and the hydrogen and oxygen com- 
hined in the ratio of 1*05 : I by volume. The result is less accurate 
than Cavendish's. 

The electrolysis of water. — In IWK) Nicholson an<i Carlisle, and 
Ouickshank. cx|x?rimcfiling with the newly- in vented electric battery 
of Volta, discovered that bubbles of oxyg<'n and hydrogen, respectively, 
rise from two platinum wires conneete<l with the copper and zinc poles 
of the battery and clip|»ed into water. From copj»er or iron wires hydro- 
gen only eonies off ; the oxygen is absorbo<l by the wire, producing nn 
oxide. They collected the gaM‘s .separately and found tfiat 2 vols. of 
)iv<lrogen and I vol. of oxygen are lilicnitcd. This agrees with Caven- 
dish’s synthesis of water. Davy in 18(JG showed that when very pure 
water is electrolysed in a gold vessel, and the ex|>crimcnt \a carried out 
in a vacuous receiver so that no impurities can enter from the air, or 
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b« dissolved from gla^s or other substances of ordinary vessels, then 
nothing but hydrt^n and oxygen are produced. Water is decomposed 
by an electric current into hydrogen and oxygen 
in the ratio of '2 to \ by volume. 

An apparatus for the decomposition nr eke^ 
trolTfia of water by an electric current is shown 
in Fig. 92. It ii called a roltamcter or couloiBeter 
and consists of two glass tubas with etopcockA 
above, connected by a horizontal tube, carry- 
ing a funnel for filling the apparatus with water 
to which a Utt4e sulphuric acid has been abided 
to render it a conductor of electricity. Pure 
water is a bad conductor, btii only the water Is 
<lecompoeed in tl\e process. The slectrodes lead- 
ing the current Into and out of the liquid 
consist of platinum foil. The current may con* 
veniently be taken from acciimulatore in series. 

Bubbles of gss rise from each electrode ; that 
coming from the positive electrode, although it 
appears more abumlant because it is liberated 
in smaller bubbles (according to Faraday be* 
cauM the platinum is cleaner), occupies half 
the volume of the other gas, and if allowed to 
escape from the tap inBames a glowing chip of 
wood. This gas is oxygm. Tlie gas evolved 
from the negative electrode, when kindled by a taper, burns with a flame, 
and is hydrogen. 

Electrolytic gas.— Two electrodes are placed in a bottle of <lilute acul 
iFig. 83) : the hydrogen and oxygen gases come off mixed together in the 
form ofelsctrclytie or detonatme pa. Thie is wash«l free from ncid spray by 



Pro. 88.— Decomposition 
of water into hydrogen an<l 
oxygen by electrolysis. 




Fio. 84. — Exploeion of electrolytic 
gas by an electric spark. 

over water in a arnall thin slate 
fltek. Thu when filled with the mixture ia inverted over a cork carrW 

a <^8- a*)- The flaak » covered with 

« of Btout fine-meeh iron wire gauze and a spark passed There ia a 

through the gauze m (he form of smoke. ^ ^ ^ 
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The composition of water by polume.^The composition of water by 
volume may be found fairly accurately by the following experiment 

(see p. I8d for a very accurate method). 

Bunsen's eudiometer (Fij;. 3dj * consists of a strong 
glass tube sealed at one encl ancl provUled with two 
platinum wires sealed through the glass for the pur^ 
|K>se of passing an electric spark. It is graduated 
almi>At tu tlte open end in rnm. w'hU*h are taken as 
nieastiring the volumes, tince except at the closed 
end the cross-section b constant. 

The cu<iiometer is f)Ue<l w ith mercury and inverted 
over merctiry' in a trough. Pore hydrogen is passed 
in and the volume accurately re(ul off. the correc* 
tionn for temperature and prsMure (see C'hapter V) 
being appUetlf the <listance of the merrur>' meniscus 
in tlie tube from the les'el in the trough being sub* 
tracted from the iMtrometer reading. A volume of 
pure oxygen rather low chan a quarter that of the 
hydrogen is then a<lde«l.t 

Tlie o\ytn end of the eudiometer is held dowT) 
Hrmly on e ps4i of nibber lienooth tho cnercury and 
an electric spark from a cod is |iasse«l. There is a hajth of light in tho 
tulie and a dull muse is heard. Dew Api>ears on 
the W'alls of the tube after cooling. 

The etidiometer after cooling » Ufl«l from the 
nibl^er tuul ami the volume of moist hydrogen ro> 
niaining is rea<l of! and correcie«l for tem|»emt\ire 
and pressure. It will be touml that the two gases 
have (><>mbine<l in the ratio of 2 volumsa of hydro- 
gen to I volume of oxygen. That I lie reeidual gas 
ie liydrogen may be conlirme*! by luting it with a 
taper. 

The volume composition of steam.— In order 
to find iht ro^nme of stfam producctl from tlie 
combination of thcga.'tes, if it were kept gaseous, 
it is convenient to use a U.8ha|KHl eudiometer, 
the clo.‘*cd limb of which is .surrounded by a gla.ss 
jacket through which the va|K)ur of btdling amyl 
alcohol (132®) is passotl, The water pro<luefsl is 
then kept in the form of vapour (Fig. 3I»). 

'rwenty ml. of hy<lrogcn an* I 10 ml. of i)xygen 
are iiitriHlnccKl. metwurc^l at the temi»emturo of the 
jacket with tho mercurv levels «idjii»le»l l4> ecpiality 
on is>lb Aides. The o|kmi «ul of (he U-lube U linnly closed by a rubber 
stopiA'f. und u s|Mirk fn.m tlie coil. There is a rtitdi of light and an 

• A mon* convcnicnl Hot more i-omplicated and cxponRlvo apparatus is ds- 
in <*hupter XXIX. 

t The osph.-non u* violent than with a 2 : I mixture. 





Fro. 3a.— Volume com- 
position of steam. 
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inunediatfi contraction. By taking out the stopper and running mercury 
into the open limb until the levels are again ertuel. it will be soon that the 
steam occupies 30 ml. : 

2 Tols. of hydrofto + 1 voL of oxypa =2 vols. of steam. 

If the dtn4itiei of oxygen and hydrogen gasca are known tho 
experiment will enable U9 to calculate the eom position of water 
by weight, 

The density of oxygen at S.T.P. b 1*429 gm. per litre, that of hydrogen is 
0 09 gm. per litre. The weight of two litres of hydrogen b 0* IK gm., and 
this combines with 1 litre, or 1*429 gm.. of oxygen. Henre tho weight of 
oxygen combining with I gm. of hydrogen b l<429/0']8 - 7 94 gm. 

More accurate experimenta on the combining volumes of Itydrogcn 
and oxygen are described in Chapter Xlll. 

The composition of water by weight.— Since it is difficult to weigh 
wiUi accuracy large volumes of hydrogen and oxygen, the compoxition 
of water by direct synthesis from its elements was attcn)|>U*d only 
comparatively recently. Formerly an indirect method was used. A 
stream of dry hydrogen, w'hicli is not w*eighed. is passed through a 
weighed tube containing copper oxide (prepaid by heating copper 
turnings in air) heated to dull redness. Tlio oxide is rfduced by the 
hydrogen to metallic copper, the ox)^n of the copper oxide uniting 
w'ith the hydrogen to form water, which b collected in a weighed cal- 
cium chloride tube and weighed. 

About 20 gm. of block oxide of copper, previously heated to redness in a 
crucible and cooled in a desiccator over calcium chloride to remove mobture. 
is introduced into a hard glass tube (Fig. 37). which b then weighed. The 



i, coon«t^ by » rubbw .topp«. to k largo weigh*! U-tube 
puling gr«.ular clc.mn chlorido, whirl. «.dUy ateorbe water 

inllH^.^ dilutoaulphuric ari.l 
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Drops of moisture con<letise in the txibc, arwl tho black oxide of copper is 
reduce<l to red metaiUc oo|>|>er. As il\e ex]>crimont proceeds oncl the tube 
)>C(*omea warm, all the water la driven over into the calcium chloride tube. 
Tlie np))amtus is allowed to cool, with hydro^sen still passing. The tube 
containing the copjier and the U*tui>e are again weighed. 

From these results we fin<l : 

Loss of weight of copjicr oxitle 

» weight of oxygen * o. 

Weight of water - wciglit of o.xygen 
• >veig)it of hydrogen 
ratio of combining weights «o/A. 

It will be seen that the weight of hyclrogen is obtainetl by difference, so 
tfmt tlie s>iithcsis is not complete. This met hot! wa-s used by BerzoliuB 
and Du long in IKI9. who found the ratio oxygen : hydrogen *01 : 1. 

puraag* experiment. — In 1H42 Dumas carried out this experiment 
with greater accuracy. Hytirogen genera te<l from liuc and dilute 
sulphuric acid was jmrified by pas.*<ing thnuigh seven U*tube« contain- 
ing : (!) load nitrate solution to remove hydrogen sulphide, (2) silver 
sulphate solution to remove arsenic hydride. (3) three tubes of potassium 
hydroxide to remove acid vaiwurs, (4) two tnl)es of .snip) i uric acid 
cooled in ice. or else phosphorus pent oxide, to dry the gas. The re» 
HgenU were sf>rea<l on pumice or broken glass to cxjxise a large surface. 
I'hese were followed by a UmoU (or ** witness *') tube, the weiglit of 
which must ixmiain uncliang<*d when the drying lias l>een as effective as 
possible : it contained sulphuric acid or phosphorus |H*nt oxide. 

The cop|)cr oxide was contained in a large hard -glass bulb with a long 
neck, weighe<l after evaeuali<m to remove air. Tlie air was displa«<l 
from the ai)parnlus by hydn)gen, and the Imlb lieated by a large spirit 
lump for ten to twelve hours. The water pixslueed was collected in a 
smaller bulb, in the nock of which calcium chloride was placed, followed 
bv K sene.'< of four drying tulws <*ontaining sulphuric acid on pumice, or 
i)iio.'‘pborus |Mmtoxi<ir. The last tulK* coinmunieatwl with a vessel of 
eulphurie arid, through which the rc.sidual hydrogen reaped. In all 
the experiments the weight of the last absorption tube was constant. 
The whole apiMiratus is shown In Fig. 3H. 

The cop|K*r was allowwl to cool in tfir bulb in a stream of hydrogen, 
the hv'lrogen was displacwl by air in the whole apparatus, and the bulb 
then exhausted and weighe<l.' The al>sorptlon system was also weighed. 

A mean of nincU-en cxjierimcnU gave the following n^sull : 

Perrmttttfr by <'ornbinmg rulio 

weight, l*y weight. 

Oxvgen 

Hydrogen .... M 135 

1 00' 0(H) 

This ratio was accepted without <piestion f<»r nearly half a <‘entury- 
Dumas hitn.scif, however, ha<l |K.mtc<l out two sources of error m the 

"'V/)' Air dksolvcxl in the sulphuric ael<l iiasstsl on witfi the hydrogen, 
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an<l tlie osygen of this air combiiteO with hydrogc'n in the copper oxide 
bulb ; (2) the reduced copper retained hydrc^en when cooled in that 
goa. 

Both errors lencle<l to reduce the loss of weight of the bulb, so that 
the proportion of oxygen found should be too small. All later experi- 
menters found, however, that the proportion of 
oxygen given by Dumas was rather too large. 

Reiser in 1S8K mtro«lui*c<l the metluMl of weigh- 
ing the hydrogen absorbed in metallic pal]a<lium ; 
be weighed the \eater formed on pumping tlic gas 
over heaterl copper oxide, which was not w'eighcd. 
Oxygon was found by difference. 

Uorlay's experiments. — Some very accurate ex- 
periments on the composition of w'uter by weight 
were made bv the American cliemist G. \\ . Morloy 
from IH»» to 1803. Purified oxygen and hydrogen 
gases w*ere weighed in large glass globes ; in the 
later exi>erimcnts the hy<lrogen was welghc<l in a 
bulb containing {palladium, which has the unique 
property of abwrbing large volumes of hydrogen 
but not other gases. When the pallailium charged 
with hy<lrogrn is strongly heated pi»rc hydrogen 

Fjo 3y.— Morley a evolved. The gases wen* burnt at platinum 

in > prrvio..»ly cvac.t^ plas* ya«cl 

phosphorus poni* (Fig. 31)) immerswl in cold water. The water 
oside 6.^6.^ collecting in this tube was then frozen. an<l the 
they w«roign’n^'^ residual gas pum|)e<l out through a tube L'ontain- 
oloctric *parka be- phosphorus lumtoxide (to keep back water 

tweon wires from the * . . i i 

electrcxir-./ smi /. va|)Our) and analysed. 

A typical ex|>erimenl furnished the following data : 



Weight nf hy<lrogen iiitrcKluo«Nl into apparatus 

„ ffsi'binl hy<lr«)gen 

,, hydrogen bunil 

»> oxygen inirtMiucc«l into appsratti.^ 

residual oxygen 
oxygeu bund 

Sum of weights of hy»ln«en an.l oxygen burnt 

Weight of water pnKlure«l 

Lr.« in weight tUie to ox|ierinwnlttl err«'r 


gin. 

00012 M 

38211 .. 
30 3775 .. 
00346 ., 
303420 „ 
34 164JI .. 
34 1530 .. 
OOOHI ,. 


Ratio of weights of oxygen and hydrogen c‘orol>ining to form wider 


9 7 * 04 1 : 1 . 

As a final result, the mean of twelve exiKTlments in which 400 gm. of 
water were produced. Morh v obtained the ratios : 

oxygen : hydrogen = 7 9306 : 1 
water : h) drogen » 8 0392 : 1. 
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In another series of experiments on the densities and combining 
volumes of the two gases (p. 51). Morley found the ratio : 


oxygen : hj drogen* 7*9395 : 1. 

As is explained later (p. 88) the combining weight of hydrogen is 
taken as that combining with 8-OOU parts by weight of oxygen. Mor* 
ley's result gives for tliis 8*000/7 0390 1*00073. 

Noyes' experiments.— In 1907 W. A. Koyes improved a method he 
had used in 1800 for detemining the combining weight of hydro* 
gen. In one set of experi* 
meats, pure hydrogen was 
absorbed in palladium in an 
exhausted tube which was 
weighed (Fig, 40). Pure 
oxygen was then admittnl 
and the tube heated, when 
Uie hydrogen in the pallad* 
ium burned to steam which 
condensed to liquid water in 
a cooled extension limb of the tube. The tube and water were then 
weighed and connected with an apparatus in vrhich the water was 
collected and weighed, the residua) gas being pumped off. measured and 
analysed, and its weight applied in correcting the result. Noyes also 
used copper oxide in tube and admitted pure hydrogen to it. The 
results for copper oxide gave somewhat lower numbers ; those for 

mg w)th 8*000 parts of oxygen as 1*00787. The accepted modern valuo 
is 1-0080. 


palladium and the purest h^rogen (from electrolysis of baryta solution) 
whicli Noyes considered the best, gave the weight of hydrogen conibin 



CHAPTER V 


THE PHYSICAL PROPERTIES OF GASES AND 

VAPOURS 

Effect of pressure on the volume of a gas. — BoyI«'s Uv (1662} states 
tlmt : at constant Umperaturc the rolutne of a given mass of gas is inversely 
proportional to the pressure : 

pt* — constant (1) 

The deuitj of a ^as is the maas per unit volume, m/r, hence density 
is projtorlional to the pressure. 

Bovle'ii law is not exact ; all gases show marked deviations from it at 
higli ))reAsiircs. At ntoderatc pressures all common gases except liydro- 
gen are more com(>ressil>le than an idaa) gas which obeys Boyle's law. 
Hydrogen is slightly less compressible and the same behaviour is sho>vn 
by all gases at very high pressures (Amagat). Amagat's results for 
three gases are shown in Pig. 41. in which pT « I corresponds with an 

ideal gas. It is seen that at all pressures 
pV for hydrogen is increasingly greater 
than I , i.e. hyxirogen is less com]>rc8sible 
than an ideal gas <1* greater than ideal 
for all values of p ) ; while nitrogen and 
carlM>n dioxide arc more compressible at 
modc*ra 1 c pressures, but become less and 
leas compr(*.s.siblc at high pressures. 
HtxJrogcn w as calleil by Hegnault plus 
qite parfait, but all gases behave like it 
at high pressures. 

At very low' pressures (0*01 - 1*6 mm. 
Hg) no deviation from Boyle s law can 
be detcctwl (Rayleigh. liH)i-2), and the 
gases behave as ideal (see p. 10.')}. 

Effect of temperature on the volume 
of a gas. — Dalton in I HO I observed 
that ga«*s expand by equal increments 
of volume for equal rises of tctn[)ora. 
uibllshed in 1H(>2. In IH(i2 Oay-Lnssae pub- 



1000 «l«. 


Fig. 4 1 .— Isothermnls tSn* C.) of 
gOACM St Kigh |ir««f»ures 


ture ; bis results were pi • . r i 

lished a memoir in which he stated that Charles in 17H7 had found 
that gases expand equally between 0* and sn*. but did not measure 
the exi>ansion. Gay*Lussac from liis «»wn ex|*enments dorivwl the 
Juw in question, which differs from Unit on in the nHiuetion of the 
initial volume to 0^ It is usually known as Charles ’s law : at eonsfant 
prr.ssure alt gases expand by 1/273 of their t'oiume at 0* <\ for a n« tn 
tcin/Kralure of W. 
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s= volume at 0*, a,* volume at f®, under tlie same pressure, 
then a, »rj(l +</2?3h or - (273 + 0/273. If Vj. Ug are the volumes 
corresponding to two temperatures ti^, then : 


Vg/r,*(273+fJ/(273 + f,). 


The value (/ + 273) is the st»olnt« impenhire, T, corresponding to t •, 
hence, the t^wmes of a given maei of gas at tonetanl pressure are pro- 
portional (0 the atsoluU temperatures : vjv^ sTjTi. If *273^ 0.> 
then Tg *0, and by substitution in the equation we find Before 

this temperature is reached on cooling, however, all gases are liquefied. 
The temperature - 273^ C. is the aero of absolute temperature, or the 
absolute aero. 

If the volume of a given mass of gas is kept constant, the pressure tn- 
crease for is 1/273 of the pressure at 0^ ^lis is readily proved from 
Boyle's and Charles's laws. Thus pjpi - TjTy 

If volume and temperature of a given mass of gas change togctfier, 
the equation PiVjT^^p^vJTi or, generally, pvjT •constant, can be 
deduct as follows : 

Change from the initial state (p„ v„ T|) to the final state (pg, Vj, T,) 
in two steps : 

(i) Pi to pg keeping constant. Let Vj become V. By Boyle’s law : 
^ 'W/Fi- 

(ii) r, to Tt keeping p, constant. V changes to v*. By Charles’s 
Isw: vJT^^VjTy Ehminate V /, PiU,/T,-pgUg/Tg, 

Charles's law is not strictly true ; the coefficients of expansiorj of different 
gMea are nob quite equal, and differ slightly from 1/273, and the change 
of preseure at constant volume k slightly different from the change of 
volume at constant pressure, for the same riae of temperature. .4t very 
wv pressures, however, the ooefficieots approach the liiniling value 1 /273 09. 
For the jdeal gas the coefficient of expansion ia l/273«09« 0 0036618. 


two^a^^*^^^ ^ * gas,— The density of a gas or vapour is expressed in 

"“P'y of ‘ gM ia the weight in 

*5 meMured »t a temperature of 0* C., and under a pressure 

oi 780 mm. of mercury at 0' C., at sea-level and Utitude 45°. 

ne weight of the mercury column in the barometer, and hence the 
Ti.“- ^ ''action of the acceleration of gravity g 

'atitudee. ^nco in 

work the etendard conditicaa of eea-level and latitude 45“ are 


of'u dWidedt^lfr*’ “y '’Olu’ne 

the »me wnlt^L H equd volume of pure hydrogen, under 

bemuse it ute u“hW?SrK 

* deaned ara not used in accurate work, since 
tamparat,^ and^’KlnS^"’® towards 
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Studjird Um|«ntuie a&d pressure (or aormeJ temperature an<l pressure), 
denoted by S.T.P. (or N.T.P.), are 0® C. (273*09® absolute), and the 
pressure of a column of 760 mm. of mercury atO® C. at sea-leyel, and at 
latitude 45®. On account of slight deviations of gases from Boyle's and 
Charles's lau*$ the density in accurate work is determined with the gas 
actually at S.T.P. , so that no corrections by the gas laws are necessary. 
Witli vapours an approximate value of the relative density is usually 
all that is required. 

Determinadon of gas densities. — The density of a gas is determined 
by weighing an exhausted globe, filling it with the gas, and re weighing. 
The volume of the globe Is determined by weighing it filled with water 
(see p. 53). 

The true weight (in vacuum) of the globe U the ajmarent weight in 
air us tlte weight of air displaced by the globe. The weight of air 
displaced depends on the temperature, pressure, and de^ec of moisture 
of the air, and as these may be different in separate weighings, corrcc* 
tions of all weights to vacuum is necessary in accurate work. Also, the 
surface of the globe carries a film of moisture condensed upon it from the 
atmosphere {tf. p. 13). which will vary with the moist ness of the air. 
To eliminate these difficulties so far as possible, Regnault in 1845 made 



Dai^noiAstion of Uonsity of s gas, 

use of a comp.n.«ia« gloK- The density globe was 

balance bv hanging on the other arm a second globe of as nearly w 

pS id^nttca^ Height and volume (Fig. 42). so that all variations of 
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atmospheric conditions affect both globes e<^ually, and corrections are 
eliminated . The small adj ustmenU of we ight necessary , correspond i ng 
with the weights of the gases themselves, are made with ordinary metal 
weights, which are corrected to vacuum in calibration and in any ease 
have a negligible displacement. 


A correction required in this method pointed out by Lord Royloigh (1882) 
is that due to the shrinlt<igt of the globe on evacuation. The globA <lis> 
places a little lees air when it ia vacuous than when it is full of gas, or than 
the coropeasating globe. The shrinkage is found by pumping out the globe 
in a closed vessel filled with water, and observing tlie fall of level of the 
water in a comrouiucating grad ualed tube. With a globe of 2 litree capac \ ty 
the correction to be applied was 0 0006 gm. on the weight of hy<irogen 
filling the globe, and Kegnault's value of 0*08968 for the normal density of 
hydrogen was raised to 0*08988. 


This method was used by Morley (1890) in a determination of the 
normal densities of hydrogen and oxygen. Very pure hydrogen gas 
was absorbed in metwc palladium contained in a glass tube. This 
metal, when heated and then cooled in the gas, takes uj> about 600 times 
its volume of hydrogen, but not gaseous impurities, so tliat these are 
removed by pumping. On lieatlng the palladium charg^ with hydrogen 
to dull redness, pure hydrogen ia evolved, and the loss in weight of the 
tube gives the weight of gas. The hydrogen was received in three largo 
exhausted glass globes immersed in ice, the total volume of the globes 
being accurately known. The rise in pressure in the globes was deter- 
mined by a mercury manometer, One result is given below. 

Volume of the three globes 43*257iUtree 

.. gee spat^ in manometer 0*0660 litre 

M >. connecting tubes «... 0*0305 „ 


ToUl volume of gas 43*3489 lit res. 

k. 7*® 40 mm. Hg. Loss of weight of iKtlladium 

buJbaweiglit of hydrogen «3-7164 gm. 

^ sea-level and latitude 45’, and length of cathetomelep to 

V * 1*00044 ; 

. . normal density of hydrogen 


3*7164 760 

43^3489'' 7861 “ 1*^^^*9-989861 gm, /litre. 


As a mean reeuJt, Morley found : 

nonnaa density of hydrogen -0-089873 ±0-0000027 gtij. per litre 
nornal density of oxygen =1-42900 ±0-000034 gm, per litre. 

‘he first figure -with the corrected result of Regnault 
^es 0 089901, differing from Regnault’e, (M)8988. by less than 1 in 


Ibe following table 
Bome gases : 


gives the exact values of the nomal deaatisa of 
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Hydrogen 


0089S7 

Nitric oxide 

1 3402 

Helium 

. 

0 1785 

Oxygen • 

1-42900 

Methane - 

. 

• 0*716$ 

Hydrogen chloride • 

1*6392 

.\jnmonia • 


• 0*7708 

Argon . , . 

1*7836 

Noon • 


- 0*8999 

Carbon dioxide 

1*9708 

(?arbon monoNi<lc 

1*2504 

Nitrous oxide • 

1*9777 

Nitrogen • 

. 

1-2507 

Sulphur dioxide 

2*9267 

Air - 

. 

1-2927 

Chlorine - - 

3*214 


The relative density of air is 1*2027 ^0*08087 -14*38. Densities of 
gases were previously referred to air — 1 instead of to hydrogen -1 \ 
these values may be converted by multiplication by 14*38. The com- 
position, and therefore density » of air vary slightly in different localities, 
hcncc this gas is no longer used as a standa^ of relative density. 


The law of partial pressures. — Dalton in 1801 found that when two or 
more gases w'hicK do not react chemically are nnxed in a vessel, Ike 
pressure exerted by the mixture of goses is the sum of the pressures uhick 
each gas alone would exert if separately confined in (he whole tolumeoccupied 
by the mixture. (The temperature is assumed to be constant). The 
pressures exerted by the separate gases are called their psrtu] pressurei, 

and the above statement that the total pressure 
is the sum of (he partial pressures is called the 
Isw of putul pTMWrW. 

Connect two globes. A and U (Fig. 43). of obout 
2 and | litres, with each otlier ami a manometer 
as shown. A contains air and D carbon dioxide. 
Close the stopcocks and 7*^ and partly ovactiate 
A tliruiigh the cock T^. Close 7^ an*! establish 
connection with tlie manometer by opening T^. 
Read ilietlifferenco in mercury levels, and subtract 
from the reading of t he barometer to find the pres- 
sure of the air. Lei the pressure in A be mm., 
and the pressure in D, mm. Close an<l 0 |>en Ty an<! Tf. >Vhen the 
two gases have mixed o\ien 7, and read tlio Itnnl pressure, p. Total volume 



Fio. 43. — ExperinKmten 
psrtitl pmsures. 


V. + V 


e < 


partial procures of the 


in A and B res(>oc(ively arc 


Pa 


•f I'l 


and ps 


v* i't, 


. these, by Boyle's law, being the pressures the 


separate quantities of gas would exert if each occupied tlie whole volume 
v^ * v^. The sum of the partial pressures is ^ . and this will be 

found to bo very nearly equal to p> 


The law of partial pressures is not strictly exact ; all real gases show- 
slight deviations from it. Lcduc found that the following law is 
more exact : the volatne occupied by a mixture of gases is equal to the sum 

of the voluuies which theseparate gases uvuld occupy at the same tempe^ture. 
and undtr (he same pressure, as Ike mixture. This has been verified up 
to 200 atm. pressure. 
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Vapour pressure. — Liquids admitted to vqcuoiik spaces evaporate or 
give off vapour, and when excess of liquid is present the vapour 
reaches a definite pressure, which dejKnds only on tlic tctnpc'raturc. 
The vapour is then said to be saturated. Dalton *s law of partial 
pressures shows that the vapour pressure of a liquid in a closed vessel 
filled with an indifferent gas will be the same as if the 5|>acc were 
initially vacuous. Jf there is not enough liquid present to saturate 
the space, the vapour U unsaturated and Ute pressure depends on the 
volume. 


Fill two tubes about cm. long, sealed at one end and carefully cleaned 
aod dried, with dry mercury, and invert in two small dishes containing 
mercury. The level of tlie mercury sinks in each tube, leaving a vacuous 
space above. Measure the level of mercury in each tube above the surface 
ia the dish. 

By means of small bent pipettes introduce a few drops of water Into one 
tubSi and a few drops of ether Into the oilier. Notice tliat the dejiression 
of the mercury due to the ether is much greater than that caused by the 
water. Measure the levels an<l find ilie vapour presrures at atmos]>l)Gric 
temperature. Warm the tube containing ether with tlie han<l and notice 
the further fall of mercur>*. due to the increase of vaiiour jirossuro with 
temperature. 


"Dte vapour pressure of a liquid increases with the temperature. 
This is seen from Fig. 44, which is the vapour pressure curve of water. 
When the vapour pressure becomes 
equal to the total pressure exerted on 
the surface of the liquid, say by 
the atmosphere, the liquid boils, 
t.e. vapour U emitted in bubbles 
throughout the whole bulk of the 
liquid. The boUiai psiat is the tem- 
perature at which the vapour pres- 
sure of a liquid becomes equal to 
the atmospheric pressure, or other 
^lal pressure, acting on the surface. 

Boiling points are usually given for 
a pressure of 760 mm., or 1 standard 
atmosphere. 

If pressure on the surface is 
reduced, say by connecting a flask 
oontoing the liquid with a pump, 

pomt is lowered- At a pressure of 17*5 mm., water boils 
nil ‘-t. . “ necessary to specify the pressure in giving a boibng point ; 
'luless this IS done 760 mm. is understood. The above result would be 
axpreasedas: 20*/17‘5mm. 

The effect of pressure on the boding point may be shown by boiliiw water 

pouring cold water 

AdIuIv ^ condensation of steam in the upper part of tlie 

nssk the pressure is reduced, and the water boiU vigorously. 





Fjo. 44. — Vapour pressure curve 
of water. 
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PInoo a (bin bulb, containing 2 ml. of bromine (>'ig. 43) nmile a 

3U0 ml. hottio, Fit to tl^o lK»ttl6 a nibl«r stopper, through which pass n 

glass tube, closed at one en<]. and with the 
other oncl over tlie }N)mt of the bxilb below, 
and a small manometer, containing mercury. 
Depress the t\ibe so as to fractxire the bulb, 
and obeef\*e the rise of pressure indicated by 
tlw manometer. Notice the formation of a 
layer of red bromine vapour in tho lower 
l>art of tiie bottle. THU tliffuses upwards 
and tlie pressure risos as the space becomes 
aatiirate<l. 

Solids also have definite vapour tires- 
surcs at different temperatures. These 
are usually smaller than those of liquids, 
altliuugh solids may, at a given tempera- 
ture. have greater vapour jiressures than 
liquids of different composition. The 
va{)orisation of solids witliout previous 
fusion is called tubUmatioo, altltougli tliis 
name is generally iise<l for the vajioriHation of a solid and its conden- 
sation on a cooler part of the apfmratus. 



Kio. 43.— Va|>our pmuura 
of a liquid in a spsco hllcti 
with gas. 


Pass a small pioco of camphor into the vacuous spoco in a barometer 
tube surrounded above by a hot 'Water jacket, and notice the fall of the 
mercurj*. 

Equilibrium. — .•^t a given temperature, liquid (or solid) and vapour 
can exist indefinitely in contact when the vapour pressure is the maxi* 
mum at that temi>craturc, i.e. when the vapour is saturated. The sys- 
tem composed of two jihascs, liquid and vapour, is then said to be in 
equftUbhoxa. An equilibrium state is one wliich is indcfiendcnt of time. 
If we represent transition from liquid to va)>otir by tho symbol; 
[Liquid) ^[Vajanir], i.r. eraporatioo, and transition from vapour to 
bquid by : (VapourJ -^(Licpiid], i.e.coodeMaUoo. the state of equilibrium 
will be represented by (Lhiiiid] Vapour]. 

The cejuilibriurn between two phases of a pure suimtanu exists at a 
definite pressure, whicli i.< imlejxmdont of the amounts of the two pliOses 
and depends onlv on the tcnqieriHiiro, 

Moist gases.— In the laboratory. pas<*s are often collected over water, 
an<l in accurate measure tiivnls it is necessary to correct tl\c volume of 
the gas for the water vajiour in it. When water evaporates into a dry 
ga.H at constant procure tfie gas will exfMUi<l. Tlie volume of a given 
mass of gas is therefore greater when it is moist tlian when it is dry. 

Suppfx^io wo have o v<»lurne of I (HI ml. of moist uir, fiiefw*uro<l over water 
at 13', mid under n total pressure of ?U0 mm. Tins t<»tul preoaiiro Is. by the 
law of iiartiul pressures, the sum of the pressure of the <lry air and of the 
vapour jiressnro of water at 16*. vis-. 1 2 8 nun. The procure of tho t^oir 
i 3 therefor© 700 - 12 8 = 747-2 mm- If tJie water vajiour w ere removed by a 
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drying agent from the 100 ml. of moist air contained in a cl need vessel, the 
pressure would therefore fall to 747*2 mm. If we now increased the pressure 
of the dry air to 760 mm., the volume would, by Boylo'e law. become 

747*2 747*2 273 

100 X 'rrrr ™l*> ^tid at 0* thb would be 100 x ^ ^ x — = 93*2 ml. 


If a mass of gas satunUd with moisture at under a total pressure of 
F mm. occupies V ml., tbe volume of dry gas at S.T.P. will be : 

P-p 273 
^ 760 *273 ’ 

where p is tbe vapour pressure of water at F. 

In using this formula we require a table of the vapour pressures of 
water at different temperatures. 


Taslb op Vafovb 


p Tnm 

4-579 
6*543 
9*209 
9*844 
10*518 
U 231 
11*987 
12*788 
13*034 
14*530 


p mm. 
15*477 
16*477 
17*535 
18*850 
19*827 
21*008 
22*877 
23*756 
25*209 
26*739 


PltBSSURKS 07 WaTBR. 

t*C. p mm. r*C. pmn. 

28 28*349 92 506*99 

29 30*043 93 688 CO 

30 31*824 94 610*90 

40 55*324 95 633*90 

60 92*61 90 657*02 

60 149*38 97 082*07 

70 233*7 98 707*27 

80 355*1 99 733*24 

90 525*76 100 760*00 

91 546*05 no 1074*6 


Intomiedi^ values in tbs practically useful ranges 0^-30® and 90*- 1 00® 
may be obtained by logarithmic interpolation. 

EstAUPLs.— Find the volume, dry and at S.T.P., of 175 ml of air 
measured over water at 18* and 749 mm. atmospheric pressure. 

F»I76 5 P«749mm. i 15*48 mm. (from table) ; tdS®. 


required volumes 175 x 


749-15*48 


273 -K 18 


168*5 ml. 


*’'***^ ‘PpUod to »*pou« » not mut j the vapour 

W T? «•««■ It only 

sS=““"-w=.-=' 

sS'SSSiSET™™-- 

P-P^ 273 
760 273+i“°*®- 
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Lot the weijjlit of I litre of dry gas at S.T.P. » Z) grn. The weight of tlie 
dry gas will be : />-o 273 


Dx 


gnj. 


760 273 -ft 

The volume of water vapour at S.T.P. will be ; 


p 273 

-eo^aTS+f 


litres, 


an<l since the (hypothetical) weight of 1 litre of aqueous va]>our at 
S.T.P. is U*3038 gni.» the weight of vapour in I litre of moist gas will be : 

_ 07'J 


The total weight of the litre of moist gas w'ill therefore be : 

ly 




760 273 +t 


273 jj 273 

+ 0-8038 xs?->.s=r^—gm, 


273 


(273 + 07^ 


760 273 + f 

=:^{Z)(/>-p)+0‘8038p>gm. 


The calculation applies to air. the Approjwiatc density D being 1 '2027. 
Tlje equation will also give the density D of the dry gas at S.T.P. 
from the density // of lltc moist gas. 


EXAMpLB.— Find tlie weight of 1 litre of hydrogen, faturoletl with 
moisture at 15 . and under a pr««sure of 740 mm. 

Normal density of hydrogen = 0 (W9«7 gm. jw litre ; vapovir pressure of 
water at I5®» I2‘79 mm., hem*c requirwl weight 


^ - — (0 08987(740- I2‘79l f 0-8038 * 12‘79} 0*(»a4.71 gm. 

(273+ 15) 700 ‘ 

Note tliut, wliereiiA moist air b lighter tlian dr)* air. the reverse is the case 
with hydrogen. This is liecauso oqueous va(iotir is lighter than air but 
heavier than hydrogen. 

' A 8 i mi Ittr type * »f < ttlc ii lat ion wil I give t he density of a ny mj xture of gases 
when the jArtial i)re»sures. ami the normal densitice at S.T.P.. nro known. 


Vapour densities.— Since vapoura far from their points of lique- 
faction obey ajiproxicnately the same laws of expansion as gawe, the 
de/wdy mav be found by dividing the weight of any volume ol 
tfic vapour mcastired under the actual tem|»craturo and pressure of the 
exticnment bv the volume in litres corrected to S.T.P. 

If the weight of I' c.c. or ml. of vapour at a temperature t and Hn<hT 
u pressure of P mm. is m gm., the normal density is : 

( 273 P \ 

D = ,«-|r» 0 - 00 lx^,»=^) gm.lil. 


The Tftpour density of a volatile liquid or solid may be determined by 
one or other of the tiirce following methods ; that selected depends on 
the co'idilions of cx|wriment, e.g. whether a higli or low temperature 
or pre >8urc is used. 
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Hofmann’s method .—In this method (A. W. Hofmann, ISW) 
barometer tube» at least 1 metre tong and graduated in ml., 
rounded with a glass jacket through winch 
the vapour of a liquid boiling in a separate 
vessel is passed. Uniformity of tempera' 
tore is thus assured. The vapour jacket is 
provided with a side tube near the bottom 
for leading the vapour to the condenser 
(Fig. 40). The liquid Is weighed into a 
small bulb (Fig. 47} with a ground stopper, 
which is forced out when the bulb is passed 
into the upper vacuous part of the baro- 
meter tube and the liquid volatilises. The 
bulb must be completely hlled with liquid, 
since a bubble of air will expand conaider- 
ably in the vacuous space. 

In Hofmann's method the volume of a 
given weight of vapour is determined. 

When tlie mercury level is constant, the 
following data are noted : 

(i) The volume of the vapour in ml. « F. 

(ii) The temperature, in the jacket. 

(iii) Tlie pressure of the vapour ; approx- 
imately given by the barometric height 
if mm., mmue the height of mercury In the 

tub« above the level in the trough.* mm. ; F,g, 4g,_H<,fmann-8 vepour 
i.e. In -ft) mm. density •ppariiiMs. 



mtxtt 

(wA» 






In accurate work, the height of the Aeofed mercury in the coUimn in the 
t\jbe must be reduce<l to 0* to eormpontl with the correcte<l barometer 
reading, and allowance made for the volume of the bulb and the expansion 
of the scale of the glass tube. Tlie vapour pr^ure ut 
mercury at the tomperatiire of the jacket Is also 
subtracted from the pressure of the vapour. 

Let the mass of substance taken be m grams. The 
volume of the vapour of the substance under the 
. F|0, 47.-Bulb for conditloiB i. : 

Ikiuld in vapour dsn* 073 // . 1, 

determination. F^s F x 0*001 x k — lit 

^ J73 + I 700 



The normal density U tlien mfV^. 


Ex^ts.^0 338 gm. of carbon tetrachlonde gave 109 8 ml. of vapotip 
m a Hofmann apparatus, at 90* 5^ Barometric heights 740 9 mm. Height 
01 mercury in tube above level in trough* 283«4 mm. 


F,* 109.8 X 0*001 X X li, 

372*5 760 


normal density of carbon tetmchloride* 0-338/ F,* 0*884 gm./llt. 
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The following liquids may be used for the vapour-jacket : 
points at 760 oun. pressure are stated : 

Water. 100*. 

Amyl alcohol, 181*-138*. 

Xylene, 140’ 


[c&a? 
the boiling 


Aniline, 184*4' 


Toluidine. 202*. 

Ethyl benzoate. 2] 2*9^ 
Amyl benzoate, 262*. 


Diphenylamine, 310*. 


Since volatilisation occure more readily under reduced pressure, steam 
may often be used in the jacket for liquids which boil under full atmos- 
pheric pressure as high aa 180*. If the atmospheric pressure during the 
experiment differe appreciably from 760 mm,, the boiling point of the 
U luid furnishing vapour to the jacket must be corrected, or a thermometer 
bung in the jacket. 

Dumas’ method. — The method invented by Dumas (1826) is an 
extension of that commonly used for permanent gases, and the mass of 
a given volume of vapour is determined. Since the vapour does not 
come in contact with mercury, the method may be used with sub- 
stances bromine) which cannot be dealt with by Hofmann’s 
method, and it may also, by the use of porcelain globes, be used at 
higher temperatures. It is not so accurate as Hofmann’s method, and 
as vaporisation is carried out under atmospheric pressure, an<i the 
tomperature of the vapour is higher, it cannot bo used for substances 
which readily decompose. 

In Dumas' method a thin glass bulb (Pig. 48) of about 150-200 ml. 
capacity, with a drawn-out neck, is clean^, dried, and weighed. By 

unarming the bulb, dipping the neck in Die 
liquid, and cooling, sufficient liquid is intro* 
duced into the bulb to expel all the air when 
it is volatilised. 

The bulb is held in a w*ire spring* clip in 
a wooden handle, and immersed in a pot con* 
taining water, oil, or melted paraffin wax, 
heated 30^-40^ above the boiling point of the 
liquid, so that the tip of the nock projects 
above the surface of the liquid. Volatilisation 
occurs and the air is expelled from the bulb. 
When the evolution of vapour ceases, the neck 
of the bulb is scaled olT. and the temperature 
of the bath read on a thermometer. The baro- 
metric pressure at the t ime of sealing is noted. 

The Wb is removed from the bath, cooled, 
cleaned, and reweighe<l along with the piece of 
neck scaled off. Tlic nock is scratched w'ith a 
file, and the tip broken off under the surface of previously boiled water. 
The water enters the bulb and, if the exiK*riment has been successful, 
fills it completely. The bulb full of water is weiglxcd. 

I^t the weight of the bulb in air * m gm. 

weight of the bulb filled with va|)OuraOT, gm. 
weight of the bulb filled with water » gro. 

The .'olume of tlic bulb ^ m* - w ml- 



Plt: 48 .— DumM* vapour 
<len<lly apparatus. 

Jr»m Ptilnvr't Kt- 
P‘r>m^ni4l Chfmitinr. 

K'.r r ) 
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The weight of air filling the buJb at the temperature /, and pressure 
A, when it is weighed full of vapour, will be : 

(m,-n»)x0 001293x^^^>;^gin. = /l gm., 

hence the weight of the vacuous bulb in air-m-^ gm., and tlie 
weight of vapour filling the bulb - (m - ^) gffl* 

The normal density of the vapour is : 

[nij - (in “/4)]-rO'OOI(m,-iM) gm./lit. 

In some cases the weiglit of vapour may be found by chemical 
methods. B^. if iodine has been us^. the tip of the bulb is broken off 
under potassium iodide solution, which dissolves the iodine, and the 
solution is then titrated with sodium thiosulpliatc. 


EjLiAiaLB.^Weight of bulb filled with airs gm. 

Weight of bulb filled with vapoivs 65*42 gm. 

Temperature of weighing 16*, barometric preasure 74S mm., temperature 

of bath 24a^ 

Weight of bulb filled with waters 452*6 gm. 

vol. of bulb at 15* <3 462*5 - 65*5 « 397 ml. 

Vol. of air filling bulb at S.T.P.> 397 < (745/760) « (273/286) s 309 ml. 

Density of air at S.T.P. s 0*00)293 gm./ml. 

369 ml. of air at S.T.P. weigh 0*4760 gm. 

Weight of vacuous bulbs 65*50 - 0*476 = 65*024 gm. 

Weight of vapour filling bulb at 246* and 745 mm. proasure 

s 66*42 - 65*024 s 1 396 gm. 

Vol. of this vapour at S.T.P. s 397 « (273/521) v (745/760) « 204 ml. 

(The expansion of the bulb on heating is neglected). 

Normal density of vapour* 1*396/0*204 = 0*84 gm./Ut. 

The chief drawbacks to Dumas' method are : (i) the large quantity of 
aubsUnee required to displace the air of the bulb ; and (ii) if the substance 
ooQtains impurities of higher boiling point, these come off last and render 
the vapour sealed up impure, the density being too high. 

Deville and Trooet (1660) extended Dumas’ method to higher tempera- 
tu^ by using bulbs of popcebin, heated in the vapours of mercury, 
sulphur, stannous chloride, cadmium, or sine in an iron bath, and sealing 
on the tip of the bulb with an oxy-hydrogen blowpipe. To find the tern- 
Future of the bulb a companion globe filled with iodine, the density of 
which had been determined at various temporaturea, was placed alongside 
the other bulb. ® 


^®eya»'s method.— In Victor Meyer’s displacement method (1678) 
voi^e of air displaced by a known mass of vapour is determined. 
At 18 more rapidly and easily carried out than the Dumas and Hofmann 

^ oontaining eome carbon 
AccordiM to Kohlrauscb it is ueually 
«cwni to take, ae an Bverage, the denaty at S.T.P, as 0-001296. ^ 
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methods, requires only a small quantity of the substance, and gires 
quite accurate results. • 

A long glass tube with a bulb {Fig. 4D) and a side tube is heated in a 
glass (or better, copper) rapour bath at a temperature which roust be 
constant and about 30^ higlier than the boiling 
point of the substance, but need not otherwise be 
known. The side tube delivers into a graduated 
tube 61le<l with water and inverted in a trough of 
water. The long tube is closed by a rubber stopper 
and heated in the bath until no more bubbles of 
air esea|>c : then the side tube is placed un<ler the 
graduaterl tube, the stopper at the top of the long 
tube is taken out, and a weighed quantity of the 
liquid in a small stoppered bulb is dropped into 
the heated bulb, the rubber stopper being quickly 
replaced. A little gloss* wool or mercury is placed 
in the bottom of the bulb to prevent fracture on 
dropping in the bulb of liquid. 

The substance quickly vaporises and the va|>our 
(which docs not diffuse to the top of the narrow 
tube) displaces its own volume of air, which is 
collected in the gradua(e<l tube. 

When no more bubbles come off. the tube is 
closed with the thumb, transferred to a tall cylinder 
of water, and tfic water levels arc equalised. The 
volume of air is read off. This volume of air is equal 
to the volume which the vapour would occupy if it 
could bo cooled from the temperature of the bulb 
to the atmo>pheric temperature. 

Let the volume of moist air at the tempera* 
tore of the water in the cylinder and under a 
barometric pressure //, be V ml. If the vapour 
pressure of water at Is p mm., the volume of dry air at S-T-P. will be : 



(i 


■j 


Fir., 49.— VjHor 
Meyer's vo pou r * li*n * 
eity apparntus. 


- I 


273 //-p , 

760 


This* is the volume which the nipowrofthe given weight of substance 
would occupy at S.T.P. if it could exist under these conditions, so that 
if m gm. of substance ucrc usetl : 

normal density = m, <1(101 \\ gm./lit. 

Kxamplk- — U‘IOOH irm. of chloroform exi*ollcd 20‘0 ml. of moist sir at 
I ft' and 770 uun. pressure. Vapour prcMurc of water at I5*= 13 mm. 

• Til** equation hol<Ls if ttw* Victor Meyer tube was orifiiruiny filled with dry 
air. If the partial proasure of water vapour in the air fillinc the tube at the l)c* 
ffirinme of the experiment wo* A. the factor {H -p) IieeomeB (// - p ♦Af. Ihc 
difr«renco in the rcsnlt <k>c« not iiHiiHlIy the experimental error The «nall 

volume of air tJispIawl on in«*Ttiiie tlio ru fiber Btopper ia compeiaotcHl by (Ijo 
< li 8 pfni' 0 d air which oeciipics the j»aft of the delivery tul>e in the trough which 
oriiriimlly conlaino'l water. 
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27$ 770-13 , 

volume of dry eir at S.T.P. *20 * jgg * — 760~ “ ^ ' 

normal denaity of chloroform vapour* 0* 1008/0 01 89 a5‘33 gm./Ut. 

Victor Meyer’s method is not suii&blc for substances wliich decom- 
pose on healing, and decompose still further when the pressure is 
reduced (t.g. phosphorus pentachloride PCIj^PCIj + Cy, since, when 
the vapour mixes with air in the bulb, the 
partial pressure of the vapour is reduced to an 
extent whicli is not kno^sii. 

Measurementa by Victor Ueyer'a method at high 
temperatures were made by Nilaon end Pettofsson 
(1889), and by Silts and Victor lileyer, who used 
a bulb of glazed porcelain, protected by wrappuig 
it with thick platinum foil, placed Inside a graphite 
crucible heatccl in a Perrot's gae furnace. The bulb 
is filled with inert gne (nitrogen, or argon) to prevent 

«h,n,ical.c.ion andth,autet«« weighwl^tm ,, 

a glass bulb, is dropped in as usual. Nemst (1903) ac*n*iti« at high temp- 
used a small iridium bulb ($mt.), i^inted outside eratures. 
with zirconia, and heated electrically to 2(XK)^ in a 

small iridium tube-furnace. The substance (a fraction of a milligram) was 
weighed on a micro -balance sensitive to I ; 2000 mgm., and the displacement 
measured directly by the movement of a drop of mercury in the horizontal 
graduated side tube (Fig. 50). 
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SOLUTIONS 

Solutions. — Solid sugar or salt when added to water dlsaolres and 
forcDS a homogeneous solution. Liquid alcohol and water mix in all 
proportions to form solutions. It is generally possible, by suitable 
means, to separate the constituents of solutions, one method being by 
distillation. In this, the solution is heated and the vapour of the 
volatile liquid is condensed by cooling. Non-volatile substances (salt 



Pio. 5]..Di0U1Img apparatus with Uebig's conJensor. 


or .suizar) remain in the residual solution, or form a solid residue. This 
method of separation usc.s differences in va|)Our pressure of the com- 
ponents of a solution, at the same temperature. 

^ A simple apparatus for distillation consists of a retort with the neck 
p.i.$sing into a glass flask or receiver, which U cooled by a stream of cold 
water If tap- water is distilled in this apparatus, mineral matter 
remains in the retort and distilled water cfllecU in the 
When larger quantities of a liquid are distilled it is convenient 
uU a (Fig. 51 ). consisting of a glass tube enclos^ 

in a iacket through which a stream of cold water is pass^- The 
liquid to be distilled is contained in a 

T>Lsod through a cork in the condenser. In the neck of the distilling 
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flask a thennometer is supported by a cork, so as to enable the boiling 
point of the liquid to be determined. 

It is also possible by distillation to separate, at least partially, wlu- 
tions of Ui^uids ia Uquids. When a mixture of equal volumes of alcohol 
(b. pt. 78'3^) and water (b. pt. 100^) is disUlled, the boiling point at the 
start is S4^. The liquid collecting in the receiver is richer in alcohol 
than the first DLxture> and will b\irn when lighted in a dish. As dis* 
tillation goes on tbe boiling point rises and the distillate becomes richer 
in water. If distillation is stopped when one^fourtli of the mixture has 
passed over and the boiling point has risen to 85*5^, and if the distillate 
is poured into a clean flask and ilie operation repeated » the liquid begins 
to boil at 81*5^, i.e. at a lower temperature than the original mixture, 
and the first part of the distillate U richer in alcohol. This partial 
separation of a solution of liquids by interrupted distillation is kno^'n 
as frwtioaal dsstUUtion. 

True solutions are hcmogtntoua ip. 3). and the dissolved substance ia 
in an extremely fine state of division. One gm . of cosin gives a distinct 
fluorescence (p. 4) to 1,000,000 ml. of water when examined in a strong 
light. Each ml. of tbe solution contains only 0*000,001 gm. of the dye, 
and since a volume of only 10*’* ml. can be examined under the micro- 
scope, this can contain only 10“** gm. of dye. 

Colloidal solutions such as that of arsenic trisulphide {p. 7), pass 
through filter paper and do not settle on standing ; their heterogeneous 
character is shown by the ultra-microscope. Colloidal solutions stand 
between suspensions (separable by filtration) and true solutions (homo- 
geneous even under the ultra-microscope). Tlie radius of the i>articlcs 
of dissolved substance in a true solution is of the order of 10-* cm, 
The substance present in larger amount in a solution, or the one 
which has the same physical state as the solution, is called the solreat ; 
the other substance is called the 4issol?ed nUxnet or the solute. A 
mixture of alcohol and water may be called a “ solution of alcohol in 
water or a " solution of water in alcohol/* s^cording as water or 
alcohol is in excess, but a very concentrated solution of sugar in water, 
containing more sugar than w'tter, is always called a “ solution of sugar 
in water/' because water has tbe same physical sUte as the solution 
Solutions of gases in Uqoids.^lf a flask and delivery tube are com- 
pletely filled with tap water and the flask heated, bubbles of gas appear 
whjch paM out of the delivery tube under water and will be found to be 
i^iainly air ; such water contains dissolved gas. 

Solids can also dissolve gases ; paUadium dissolves hydrogen (p 61 ) 
forming a »bd Mhtioo. Solids may also diseolve soUds : a pi^ ^ 
^-leaf la pws^ on a freshly-scraped piece of lead, the gold slow'ly 
the lead, as may be proved by scraping off successive 
layers after a long tune and aniyring them 

r* ^ w- 

O ft, f r / th- ga* » ft« pMwd into the atoorption veawl 

O. ft, volura, of UquKl. woftr prwiously boil«l to «p,l dL.lv«i air 
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r^mnining in cunt act with t)\e gas being the original volujne minus the 
vohime run out. .4 ami 0 are connected by a flexible lead tube. The gas 
is sixaken with the liquid until tite solution is saturated. Tlte pressure is 

adjusted by the levelling tube B. The eon- 
traction in volume is then read of! on the 
burette and corrected for the vapour pressure 
of the liquid, tetnfteraturo and barometric pres* 
sure. In accurate experiments the vessel 0 
must be immersed in a batli of water at con- 
stant temperature. 

If the gas is very soluble (e.g. ammonia* 
hydrochloric aci<l) it is passe<i into a measured 
volume of water until the latter is 8aturate<l. 
The amount of gas dissolved is then found by 
chemical analysis. 

Bunsen s shsorption eoeffleieet is the volume 
of gas reduco<l to S.T.P. which saturates I 
volume of liquid at a given temperature 
with the ])artial pressure of the gas equal to 
I atmosphere. 

The amount of gas dissolved by a fixed 
volume of liquid dtqH'nds on (I } the chemical 
composition of the gas and of the liquid, (2) the temperature, (3) the 
pressure. Tlie effect of j>ressuro is given by Hcojy’* U» (1803): the 
amount of gas dissoli'td by a fixed votume of Uguid at a given Umperature 
is proportional to the pressure. 

Since the volume of a given amount of gas is inversely proportional 
to the pressure f Boyle’s law) a given volume of Uguid dissolves the same 
volume of gas at all pressures. 

Ofttvvald’s sclubibty cosfficieot A is the volume of gas dissolved by I 
volume of liquid under the conditions of the exiK*riment. 

Let a volume V of lupiid dissolve a vohime rof gus at p mm. pressure 
and temiicrature f®. Then A-v/T. I^t a lx* the coefficient of ex]>an- 
sion of the gas, tlien the volume of gas rwluced to S.T.P. is 



FlQ. 62 .— Absorptioisetcr. 






Accordiim to Hi-nrv’s law, tlic volume ofRas. measured at S.T.P.. which 
is atisorhed iiiidcr a pressure of 760 mm. is 700/p tiroes tliat ahsoroeu 

un.!erapressureofpmm..viz.7li0.'.>-r/{l+al). Bunsen sahsorptici. 

coc’nicient is tliis divided by the volume of liquid I , 

^-i-/r(i +«o=A/{i +a0- 

Heiirv's law does not apply to very sc.lul.lc Rases, such as ammonia 
at tlie onliiiarv temperature, ttr liydrcnii'n chloride, in water. H O'** 
not held aecuratclv for carlxm dioxide. At lOO the soliibilitx of 
ammonia (which is then viTysmalK follows tlie law. At l.iRhcr pre-v^ires 
deviations occur; with more soluble Rs-ses these ^ 

pressure, but with less soluble gases the law bolds up to about 10 atm. 



n) SOLUBILITY OF A MIXTURE OF GASES IN A LIQUID OTy 

A few Bunsen’s al>sorption coefficients are given below, in vols. atS.T.l*. 
absorbed by 1 vol. of water at the giv«^ tenijKraf ure. itnder a preasnre of 
760 mm. of dry gas (except for HCl, for whicli tfie total jireswnre of gas 
and water vapour is 760 mm.). 
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Solubility of a zDixture of gases in a liquid.^ Dal ton's extension of 
Henry’s law states that : tkt u*H<nin( of any one Qfi4 from a 

mudUTt of gasu is proportional to its partial prsssurt U'htn tht gas has 
ctnnt into squilibrium with Me ligvid. 


The absorption coefficients of nitrogen, oxygen and orgon 
in water at 0*. and tl^e percentages by volume of these gM&t in dry air free 
from carbon dioxide, are given below. Hie i>artuil pressures are propor* 
tional to the volume percentages : 


Qas. 

Nitrogen 
Oxygen 
Ar^n • 


PertenCago 
by vol. 
78 
21 
1 


Partial pressure 
<(oU|s I etm.) 

0*78 
0 21 
001 


Absorption 

coefheient. 

00230 

00480 

0083 


By multiplying the partial preesuree by the absor|>iion coefficionte, the 
volumes of the tliroe gases dissolved in I vol. of n s ter saturates I with n 
large volume of air (constant com|iosi^on) are foimd to be : 


nitrogen, 0 01884; oxygen, 0 0 1 087 ; argon. 0 00053 ; sum, 0 0294 4. 

When the dissolved gas is expelled by boiling it will have this composi* 
tJon, or, expressed in percentages by volume it will contain t 


•. 1’864 1*09? 


= 34*9; argon 


0033 

0*02044 


« 1 * 8 . 


Th. proportiorM of oxygwi and arson have incnwawl, since tliese eases 
.rej^re “l«l>le than mtrogen in water. By shaking water with an excasa 
!rJf ® ‘he daaolved part when driven out will be still fu.ther enriched 

" ***“ 8“ «ill «>nUm over 

ou per cent, of oxygen. 

WthegaswiUbeexpeUed. This can usually be done • inbvred.icmv 
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driveti off with t)ie st^am. Wlten the gas and solTent evaporate iogdher 
to form a vapour of the same eomposition as tlie solution » the solution 
evaporates as a whole, and no separation occurs (p. 211). 

Solutions of liquids in liquids. — Some liquids, such as water and 
mercury, are practically though probably not absolute)^' immiscible ; 
others, such as water and sulphuric acid, arc compUUly miscibU. In 
some cases, such as ether and water, each liquid dissolves a limited 
amount of the other, and the liquids arc partialltj miscible. Small 
quantities of ether added to water at first dissolve completely. At a 
certain point, the water becomes saturated with ether \ 100 gm. of 
water then dissolve 5*8 gm. of ether at 22®. If more ether is added, a 
lighter layer separates. This is not pure ether, but contains 4*12 gm. 
of water per 100 gm. of ether. On addition of more ether (if the layers 
are shaken together), tlie composition of each layer remains constant, 
but the lower (aqueous) layer gradually disappears and when it vanishes 
the whole liquid has the composition of the upper layer. Unlimited 
further quantities of ether may now be added without any separation 
of the liquid into layers. 

The two liquid layers may be separated in a separating funnel (Fig. 7) ; 
the presence of ether in the lower layer may be shown by heating it in a 
test-tube, when the ether va|Kmr given off may be kindled. Tlie presence 
of water in the upper layer may be shown by dropping a bit of sodium into 
it, when hy<lrogen is evolve»l. (Pure cthor has no action on sodium.) 

The com|>oeilions of licpiUl layers in e<juilibrium at 22® is given below. 


Subsl. in 100 W'^un In 100 

gm. of wstcT- pm. of subst. 

Ether . • • • 5*8 gm- 412 gni. 

Chloroform • 0 62 OdO „ 

Carbon disulphide 0-218 10-81 „ 


Tbe distribution law. — Iodine wlicn shaken with chloroform and water 
diasolves in each, but the chloroform layer (as is seen from the colour) 
contains most of the iodine. Berthelot and Jungfielsch 0^72) 
that the weights of dissolved sul>stancc per unit volume of each hqujd 
are in a constant ratio. This is called the diitritutioa (or partition) Isw. 


If c,. c, are the eoncentmtioHS, or weights j»cr unit volume, of the solute m 
the two layers, res|)ec lively, tl»n : 

e, = const. * k. 

At 2r> an aqueo^w solution of icxlme conUining 0-0516 gm. per hire is in 
ccjuilibriiim with a solution of i^xline in carbon tetrachloride containing 
4-412 gm. of ioilino per litre. Tl>o dirtributioa coeffleieat is : 

c onrentrotion in carbon tetraclilori<1e _4^4I2 ^ 

concentration ui waler 0-0316 

A saturatci soh.tion of io<lin.> in nt 25” contains ‘j?”. 

Kr...n tl.e ,ii-tribu.i..n cocflicicnt ti.c concen.mt.on of a so u of wdmo 
in carbon to,fBcl.l..ri.i«, in cquilibrni.n w.tl, a satura.cl sol.it.on .n «ater. 
ia found to bo 0-340 - 85-5 ^ 26-1 gtn- j>er litre. 
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Solutions of solids in liquids. — The most important solutions are 
those of solids in liquids. Common salt added in succeMive small 
amounts to water dissolves up to a certain point ; after this no more 
salt passes into solution, but settles out unchanged. A solutiw which 
tan exist in equilibrium wUk excess of soluU under given conditions {e.g. 
at a fixed temperature) is called a sstunted Mhitton. 

The soluMlitf is the weight in grams of solid dissolved by 100 gm. of 
solvent at the given temperature, tn presence of the solid soli. In the 
case of salts containing water of crystallisation (p. 180), the solubility 
is the weight of anhydrous salt (i.e. salt free from water) per 100 gm. 
of water in the saturated solution. The solubility depends (1) on the 
chemical characters of solute and solvent, (2) on temperature, and (3) 
to a alight extent on pressure. 

The solubility usually increases with temperature. In a few 
cases, such as sodium chloride, it is nearly independent of tem* 
perature, and in others, such 
as sodium sulphate shove 32*4^, 
it diminishes with rise of tern* 
perature. 

Increase of pressure in some 
cases (sodium chloride) produces 
a slight increase, and in other 
cases (ammonium chloride) a 
slight decrease, in solubility. 

Decrease of eolubility with rise 
of temperature nay be shown by 
placing a tube containing calcium 
butyrate solution, saturated at 
the ordinary temperature, in a 
beaker of hot water. In a short 
time crystals of the salt separata. 

They mdissolva on cooling. 

The dependence of solubility 
on temperature is represented 
graphically by solubflity com, in 
which abscissae represent tem- 
peratures, and ordinates solu- 
biUti** (Fig. 53). Thea>lubility 
always refers to equiUbrium of 

‘‘‘ P*"***- "yst*! hydrate. 

‘ saturated solution U cooled! the d^olved 
Mtetence does not always separate from it. The cooled solution then 

teS^t^'! j Mrresponds with saturation at the given 

tw^ture.andissaidtobeaupeTsalumled. Cratallisation is sUrted 
by throwmg a small cystal of soUd into the 

Beat 
in a 



Fm. 43.‘->So]u^ty curves. 


solution. 

?“• thiosulphate (“hypo ”) 


very concentrated 


as 


INORGANIC CHEMISTRY 


{CHA? 


solution. On cooling this remains liquul and supeiaaturated. Remove 
the plug and drop in a cr>‘stal ot hypo. The liquid to solidify, and 

the mitea becomes warm, since heat is evolved. 

Fuse some crj'stals of h)qxi in a long test tube, and pour over the liquid 
a supersaturated solution of so<lium acetate, prepared by warming the 
crystallised salt with one-quarter iu weight of water in a flask and filtering 
hot. Avoid mixins the liquids. Plug tl^e tube with cotton wool and allow 
to cool. Remove the plug and drop in a cr>*sta1 of hj’po. This falls through 
the acetate solution without inducing crystallisation, but on reaching the 
hypo solution it cause* cr}*sta1lisation of the latter. Now drop in a crystal 
of sodixuT) acetate. The upper Uc|uicl cr>*8tallises. Supersaturated solutions 
usually cr)‘sta 11 ise only by contact with the particular 8oli<l dissolved in tlieco. 

A eupervaturatetl solution w*hen strongly cooled may crystallise spon* 

taaeously, without contact with solid. 
If a supersaturated sohition of hypo 
is cooled in a freezing mixture, it 
crystallises spontaneously. 

Detennination of solubility. — The 
solubility of a salt at various tem* 
peratures is tlctcrminod by stirring 
the powdered solid salt with the 
solvent at the given teiniwraturc, 
so that excess of solid is present, 
withdrawing a portion of clear solu- 
tion. M'cighing it, and tlien evapora- 
ting in a weighed dish to And the 
weight of solid salt contained in it. 

An excess of |x>\v<lere<l salt (e.g. 
potassium nitrate) is stirred with 
water at a constant temperature until 
the solution is sat ura led . The sol ution 
(sallowed tosettle and a portion with- 
draMn into a Landolt pipette (Fig. 54) 
by swtion, the pi|>elte is taken out, 

K 10. 54. —Determination of solubility wipe*!, closed with pieces of gla« 
of a ftoli J in a Jiqiiid. rod and rubber txiblng, cooled and 

/f9m '• Krpenmeuiai weighed. The solution and any cry- 

out of tlio 



.m.l llie amount of aolute daWfn.ine.1 eitlier by evaporation in a 

weiuhetl dish or by analysis. ^ , . . , 

Aji ari|)roximat© solubility curve can be found by tho syn</i«is 
A weiitlie<l amount of (inely-powclerocl ealt («^. K.VO.) « a-kied to a km) 
am....iil of water in a booker until a Uttie remains an.toolveU on stirrrn^ 
Tlie tem|.orature is slowly raised until a mere trace of soUd remain. 1 e 
tempcrolure is rea.l. From tho known weights of salt ami water 
l..|i,V ut that to.n,.or,unro is calculate.!. TI« temperature is ‘>*®" 
firtiior weighe<l [.oHion of salt is ml.led, and the procees ilcecnl^ is ^ 
p^^l. In this way several pointa on a solubility curve are determined 

iPortington, 6'cAoof Course of ChemiMry, p. 13). 
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VI] FREEZING POINTS OF SOLUTIONS 

In the case of very sparingly soluble salts tlie data have been obtained 
by special methods', e.g. electrical conductivity (p. 232). 

TABLE OF SOLUBILITIES 


Salt. 


o*. 

16* 

100*. 

t Potaaaium iodide 

. • 

127-5 

140 

208 

{ ,. bromide 

. 

93-5 

G2-5 

104 

1 ,, chloride 


27-0 

32-4 

50-7 

Sodium chloride • • 

. 

25-7 

35-8 

38-0 

/Calcium chloride (CaClg, 

6H,0) . 

60 

100 (30^) 

137 (00*) 

1 Strontium chloride (SrCI, 


4$ 

50 

— 

(Barium chloride (BaCL. 

2H,0) . 

31-6 

34-4 

68-8 

jFotaasium nitrate 

• 

13-3 

25-8 

246 

tSodium nitrate • 

- 

73-0 

85 

178 

/Barium hydroxide /Ba(OH),, 8H|0) 

1-67 

3-23 

101-4(80*) 

Calcium hydroxide 

4 V 

0-185 

0-170 

0-077 

Calcium sulphate (CaSO, 

,a 2HtO) . 

0-18 

0-279(40*) 

0-200 (GO 

Strontium sulphate 

- 


l-l X 10-» 

— 

Barium sulphate • 

• • 


2-3x10“* 


Silver chloride 

A 4 


1-5 X 10'* 


„ bromide • 

• ^ 


1 X 10-* 


., iodide 


— 

3*5x10-’ 

— 


Tha freszing poiaU of solu^o&s. — When salt, sugar, or any sdubU 
substance is added to water, the freezing point is lowered. The lowering 
of freezing point is approximaUlg propoHional to the coaceniro^ton 0/ the 
^ution. 


Sea water freezes at about - 2*. Bishop A. WaUon in 1771 experimentod 
with solutions of salt, exposing them to cold air : in equal quiutiitiee of 
water were dissolved quantities of sea sal t, increasing in tlie ariti iinetical pro • 
grassion, 0, 6, 10, 19, 20, etc. ; the times in which the solutions began to 
freeze, reckoning from the time in which simple water began, increased 
accurately in tlie same progreasion : hence it may be inferred, that, in so It 
of the same kind, the resistance to congelation is in tlie direct simple pro* 
portion of the quantity of salt dissolved : this conclusion cannot be ex* 
tended to salts of diflerent kinds, since water saturated with sea salt is 
more dlfBcultly congealed than when saturateii with various other salts, 
which it dissolves in greater quantities." 

Blagden in 1788 also found the lowering of freezing point proportionol 
to the concentration. 


The soUd aeparating when solutions freeze is usually pure tee, the 
»lute remaining in the unfrozen liquid. Freezing separates the con- 
stituents of a solution. The solution remaining becomes increasinelv 
richer m salt as ice separates, and hence the freezing point falls. 

A limit IS reached when so much solvent has fiweu out that the 
the liquid U only just enough to keep the salt in 
retto « “oolu*?. •<» end aalt separate together in the same 
solution and hence the temperature becomes constant 
and the whole of the solution solidifies without further fall in t^pera^ 



70 


INORGANIC CHEM ISTRY [chap 

tur«, This mininiiim temperature was formerly called the oyohydiie 
terojwrature, and tlie mechanical mixture of ice and solid salt separating 
waa^ supposed to be a compound and callwl a cjyehydniU (Guthrie, 
1875). Later experiments showed, by microscopic examination and 
in Ollier ways, that ervohydrates are mechanical mixtures of ice and 
salt, and they are now called euteebo. the lowest temperature reached 
on freezing the solution being called the eutectic poiat. 

of freedoxn.— The volume of a given mass of gas depends on 
temperature and pressure, but if any two of the three variables, 
pressure, volume, and temperature, are hxed, the third takes a defimte 
value. Vapours behave similarly so long as no liquefaction occurs. 
The volume of a bquid or solid is fixed at a given temperature and 
pressure. It is convenient to consider the tpcciflc volume, or reciprocal 
of the density. The state of any homogeneous |)hase (gas, liquid, or 
solid) is definite when any two of the three variables, pressure, tempera* 
turc, and specific volume, are fixed. This system of one phase (/ - 1 ) 
is, therefore, said to have two 4^rv«s of freedom (/'■2), the number of 
<legrces of freedom for any system being tki stnalUst number of indepen^ 
(Unt variables dtfinin^ the state which must be given definite values before 
this state is completely determined. 

A pure liquid can exist in equilibrium with its vapour only at one 
definite pressure (the vapour pressure) at a fixed temperature. The 
densities and states of both phases (liquid and vapour) are then com- 
pletely determined. If the pressure is increased, some vapour condenses : 
if the pressure is reduced, some liquid evaporates. In both cases the 
pressure comes back to the equilibrium value. The system of water and 
ice behaves similarly : on increasing the pressure, some ice melts and 
tlic original pressure is restored. A system of two phases of any pure 
substance has one degree of freedom (/*■!). 

Ice, liquUl water and water vapour coexist only at one temperature and 
one pressure, vis. •••O OO??* and 4 57 mm. ; these specify tlie triple point for 
water, at which three jihases coexist = 3). In this case there is no degree 
o f free^iom (/* * 0 ) . The same is true for three coexisting phases of any pu re 
substance. 


Vapour pressures of solutiozks. — In the 83 * 8 tem of two phases of a pure 
substance in equilibrium, there is only one degree oi freedom. If a 
little common salt be passed into a barometer tube containing water 
and water vapour, it dissolves in the water, and tfic vapour pressurt 
is sliglillv lowered. The s.vslem of two phases, solution and vapour, in 
equilibrium has two degrees of freedom instead of only one in the case ol 
pure water. The liquid phase is no longer a pure substance, but a 
solution of variable compoeition. the vapour pressure of which depends 
on the concentration of dissolved substance, which is an additional 

adding more salt, the vapour pressure falls until the solution is 
iuHt'saturatcd with salt. The vapour pressure is again constant, since 
iinv more salt added remains un<li».solved. The extra phase, solid salt, 
rc'ciuces the number of degrees of freedom by one. since the pressure 
now depends on a single variable, temperature. With two components 
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(salt and water) in three phases (P*3) there is one degree of freedom 

' To form a sj'stem of phases, some or all of which are solutions, or are 
pure substances not convCTiible into one another, a limited number of 
substances will be needed from which every phase may be formed. 
The number of couponcats (C) is the least number of eubatancee from 
which every phaet in a eystem in equilibrium can be formed. Each of the 
three phases existing at the triple point of water can be com|K>5cd of a 
single substance, water ; systems formed from salt and water contain 
phases all of which can be formed of one or both of fico components, 
salt and water. 

The phase rule. — Consider the following table, which summarises 
results previously described. C denotes the number of components. 
P the number of phases, and F the number of degrees of freedom. 


EquiUbria C 

Water (liq.) # Water (vap.) I 

Water (solid) «« Water (vap.) 1 

Water (solid) ^ Water (hq.) 1 

Water (solid) s* Water (liq.) 1 

#Water (vap.) 

Salt (diisd.) v* Salt (solid) 2 

Water (in sol.) m Water (vap.) 2 

Water (in sol.) te Water (vap.) I . 

Salt (diasd.) te Salt (sdid) / ^ 


P 

2 

2 

2 

3 

2 

2 

3 


F 

1 

1 

1 

0 

2 

2 

I 


In all cases the same simple relation exists between the number of 
phsses F, of components C. and of degrees of freedom F, viz., 


Dumbst ol phiwa +aiunbsr of dsgwts of Intdom « number of compooeou ^2 

P + i'-C+2. 

'fbfr KlaUon is general, and applies to all heterogeneous systems in 
equilibrium ; it is called the pbsM nils and was deduced bv J, Willard 
Gibbs in 1876. 

Examples on the phase rule.— The following examples of appli* 
cations of the phase rule are recapitulated. 

1. Pun subftsDcs: Csl. 


(o) Homogeneous gas. liquid, or solid : Ps I, hence 1 + 2 - ) s 2. 
Temperature and pleasure, or temperature and concentration 
(dwsity). or preasure and concentration, must be fixed before the 
state of equilibrium is defined. 

(6) Coexisting phases of a pure substance : Os t. 

(i) Solid Liquid, or Solid ^ Vapour, or Liquid Vapour. 
P^ 2, hence ^ s 1 + 2 ^ 2 » ]. i^- only temperature, or 
pressure, or one concwitration, can be arbitrarily fixed 
before the stota of equilibrium is completely defined. 

(u) ^lid ^Liquid «e Vsfxnir. i.e. the triple point. Ps3, 
hmre f 6= 1 -I- 2 - 3s0, i,e. no «ngle variable can be changed 
without causing complete diseppaarance of one phase from 
the eystem. 
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2. Sohitums, say of two components : 2. 

(O) Gns « c:as (,li*s,l.l. /* = 2, hence f = 2 + 2 - 2 = 2. i.e. tempewtare 
and pressure (or one concent ration) only can be fixed, and tho 
sj'stem 18 (hen in e<|uil»brinjn- Heniy*9 law gives a simple 
proportionality between pressure and concentration, but this 
holds only approximately. 

(6) Solid Solid (dissd.). Ps 2 , hence /'*2 + 2-2*2, i.e. the 
solubility depends on l«m|»enitiire and pressure. The effect of 
pressure, which is slight, is pre<lic(ed by the phase rule. 

(c) Solid ^ Solution ^ Vapour of Solvent. P » 3, hence P » 2 + 2 - 3 

* 1, i.e. at a given temperature a solution can be in equilibrium 
with solid and vapour only at a definite pressure (the pressure 
of the saturated vapour), and concentration (that of the satu- 
rated solution). 

(d) Licjuid I ^ Liqukl II, two paHly miscible liquids, say ether and 

water, existing in two layers in absence of vapour. P» 2, hence 
P *2 + 2- 2* 2, t.«. t)ie composition of each layer is fixed at a 
given tem|>erature and pressure. T)ie influence of pressure is 
small and is wholly eliminated if vapour is present : P = 3, hence 
P s 2 + 2 - 3 * I, >.e. t)ie miscibility depends only on the tempera* 
tore. 

The eutectic point, the freeting points of solutions, and the effect of 
ashling iodine to two layers of other and water, may be considered by the 
reader. Tlio phese rule is seen to be at the same time general, simple, and 
capable of wide application. 



CHAPTER VII 

ACIDS. BASES AND SALTS 


Oeaeral properties of Adds and bases. — One of the objects of chemistry 
is to arrange substances into groups of substances wlilch liavc cer- 
tain properties in common. Three important groups are acids, bases 
and salts. 


Common acids met with in the laboratory are eulphurie» hydrochloric 
and nitric ; and caustic eoda, caustic polasli, ammonia and lime are com* 
mon exampisa of basea. Tlte beat known salt is common salt, but othere 
such as nitre (or aaltpatre), Glauber's salt (sodium eulphate) and Epsom 
salt (magnesium sulphate) are well known. Soda, potash and ammonia are 
examples of alkalis ; all alkalis are bases, but there are bases such as lime 
vliich are not alkslis. 


Since acids, alkalis and salts are easily differentiated by their common 
properties they were recognised sa three groups of substances fairly 
early in the study of chemistry. 

Boyle in his Experimental History of Coloure (1664) recognised the 
following fsoerai propertiss of adds : 

(1) They have a sour taste. 

(5) They act as solvents but with varying power on different bodies ; 
the varying strength of acids was recogni^ by Tachoniua in I OQO. 

(3) They precipiute sulphur from a solution of liver of sulphur (poly* 
sulphides of potassium). 

(4) They turn red many blue vegetable colouia {e^. litmus), the blue 
colour being reetored by alkalis. 

(6) They react with alkalis, the characteristic properties of each sub* 
stance disappearing and a neutrsd salt being formed. 

On the basis of these. Hoffman (1723) and Black (1755) weia able to show 
that carbonic acid is a true acid, though a a-eak one. 

(6) Cavendish in ] 7$6 showed that hydrogen gas is evolved by the action 
or sulphuno and hydrochloric acids on sine, iron and tin. 


Bxampl«a of alk.line .uhsUnces, vii. slaked lime. pUnt and wood 

eanes and nairon (native sodium carbonate found in feptian lakes) 

wcienU. Pliny menUons the emutificat^ of alkalis 

“ "T™ “ The alchemists n-ere 

W’rte ofhxrUhom, prepared 

y the distillation of bom and bones or the putrefaction of urine 

& introduced for the 

a«au Detore and after treatment with quicklime. 
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As geaenJ properties of alkslis the following were recognised : 

( 1 ) Their solutions feel soapy when rubbed between the fingers. (This ie 
probably due to corrosion of the skin.) 

(2) They restore the blue colour of litmus reddened by acids and turn 
juice of violets green. 

(3) They nexitralise acids to form sails. 

(4) The miki '* varieties effervesce with acids* giving of! a gas which 
wM investigated by Black in 1755 and called by him “ fixed air (carbon 
dioxide). 

Potash and soda were distinguished from one another by Duhamel in 
1736 and by Marggraf in 1757. 

Neutralisatioii. — When solutions of an acid and an alkali arc mixed 
in the correct proportions the resulting solution has no acid or alkaline 
character and on evaporation It gives a solid salt, This reaction is 
called fieutrslisatioQ because the product has neither acid nor alkaline 
properties (Latin, neuUr, neither). 

Neutralisation is an example of the quantitative aspect of chemistry ; 
acid and alkali react to form a salt in fixed ratios which are not the 
same for different acids and bases. 

The names of acids, bases and salts.'^Some acids, hydrochloric 
acid HCl, do not contain oxygen and the names of their salts end in -ide, 
e.rj. so<lium chloride (NaG),* potassium cyanide (KCN). Many acids 
contain oxygen an<l arc called oxyaddi, sulphuric acid H2SO4 and 
nitric acid HNOj. All acids contain hydrogen. The terminations -ous 
and -ie are use<l to distinguish oxyacids containing less or more oxygen 
combined with the same elements, the termination* -ffe and -aU being 
used for the corresponding salts : 


Aao. s*LT. 

Sulphurous HjSOa. Scxliuin .Milphite NajSOa. 

Sulphuric H,SO|. Copper sulphate CuSO^. 

Nitrou* HNO,- Potsjwium nitriU KNO,. 

Nitric HNOj- Lead nitrate Pb(NOa),. 

0.x ides forming acids with water arc called acidic cxidw, or sometimes 
acid anhydrides (Greek, a without, hudor water ).t The acid anhydn^cs 
are now calle<l by their *ystcmatic names, e.g. sulphur dioxide (SO,), 
nitrogen pento.xide (N,Os), etc. 

Oxiclts forming salts anti water with acids are caUed tasc ondes. 
E.g. sodium oxide Xa,0, and cop|wr oxide CuO : 

NajO + 2HCI - 2NaCI + H.O ; CuO + 2HN0, -Cu(NO,>, + H,0. 


• In tl.« foibwina »c,«n« . knowldae of chemical fonni.la. and equation, i. 

■;a,.hv...i.U. - -anh>-..«n„ -uhatanco - ,ono 

free frtjin wowr) shoul<l be noli«v<l. 
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SotM ba«ic oxides form with water compounds containing a metal 
(or radical, cf. below) united with a group of atoms OH called hydroxyl, 
and are therefore called hydroxides (not “ hydrates ” ; p. 180). Hydrox- 
ides of sodium and potassium are called a/i'o/ts ; the oxides of calcium, 
strontium and barium were formerly called alkaline earths, 

K^O-f H20«2KOH (potassium hydroxide, caustic potash). 

CaO +H|0->Ca(0H)f (calcium hydroxide, slaked lime). 

We may suppose that ammonium hydroxide is formed when ammonia 
gas dissolves in water, since the liquid is alkaline : 

NH)*i-H20*NH40H'(ainmomum hydroxide). 

Acidic and buic oxides combine to form saltt : 


SOj-fNaiOaNa^Oi (sodium sulphate). 

In the old Dualietie Syuem of Berzelius aalta were regar<le<l as contain* 
ing the basic and acidic oxides, called '* electropoeitive *' and *' electro* 

A w 

negative respectively : sulphate of soda NaaO.SO^. This notation still 
has iu uses in balancing equations of oxidation reactions* potassium por* 

mangan ate being written K|0Jkln,0» and potaashun dichromate K|0,2Cr0„ 
ferrous sulphate Fe0,80| luxd ferric sulphate PefO|,3SO«. 

Acids and bases react to produce salts and water : 

H18O4 4* 2NaOH - Na^O^ -i* 2H|0. 

The salt Na.jS04 may be regarded aa sulphuric acid HjS04 in winch 
two atoms of hydrogen are replaced by two atoms of metal. This 
may take place directly, aa when line dissolves in dilute sulphuric acid : 

Zd -I* H 1SO4 »ZnS04 (zinc sulphate) -i-H}, 
or indirectly when the acid is neutralised by a base. 

Salta are also formed by the action of acids on basic oxides, hj’drox- 
ides, and carbonates; with carbonates gaseous carbon dioxide is 
evolved with effervescence : 


OuO +H^04 -CuS 04 +H,0, 

CaCO,.h2HCl -C^aCl, +H,0+C0t. 

^ides Qcidie and basic oxides, there are neutral oxides (not forming acids 
or bases with water. «.g. nitric oxide NO, and carbon monoxide CO) 
ompAwertc oxides (behaving at the same time sis weak acids and weak 

Peroxides (higher oxidee, containing much 
- ^ P* l»7). and double oxides (composed of two oxides, e.g. ferro- 
Fe,^)^ composed of ferrous oxide and ferric oxide : FeO + FeiO* = 

JidiMb.-SomstuDM a group ofatomi plays the paH of a single atom 
<1 occurs m a whole series of compounds. The salte formed by the 
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combination of ammonia with acids all contain the group which 
plays the part of a metal and Is called ammonium : 

NH, + HC1*NH,CI ammonium chlorido, 

2 NH 4 + » (XHj)^O, ammonium sulphate. 

yin wni'flrymj group of atoms present in a seriss of closely related co»«- 
pou nds is called a radical (Latin, radix, a root). The group OH (hydroxyl) 
in hydroxides, the group SO^ in sulphuric acid and sulpliatcs, and the 
group NOj in nitric acid and nitrates, arc radicab.* 

Normal, acid, and basic salts.— When the molecule of an acid contains 
only one atom of hydrogen which can be replaced by a metal it forms 
only one class of salts. An acid containing la its molecule only one atom 
of hydrogen which can be replaced by a metal or radical to form a salt 
is called a nooebssie scid: 

Na0H+HCl-Naa + H,O. 

Zn + 2HCUZnCl, + H5. 

Fe(OH), +3HCI - FcClj + 3HjO. 

An acid containing in Us molecule hco atoms of ^ydro^cn u'AicA can be 
replaced by a metal or radical and can form tuo classes of salts is called 
a dibaiic «id. Sulphuric acid HjSO* is dibasic. Either one atom of 
hydrogen can be replaced by a metal (or ammonium) to form an stid 
salt or both atoms can be replaced to form a nofwal saK : 

HySOi + NaOH -NaHSO^ + H,0. 

H 5 SO* +2XaOH - NajSO* + 2H,0. 

The names sodium hydrogen sulphate, etc,, are now generally used 
instead of acid .sodium sulphate, etc. The name " normal ” Is never 
used in speaking of salts individually: we say simply sodium 
sulphate/', etc. Sometimes acid salts are called bisulpkate, bicarbonate, 
etc., from the old formulae : 

Na, 0 , 2 S 03 ,H, 0 ( =2NaHSOj *nd N», 0 , 2 C 0 „H, 0 ( -2NaHCO,). 

A base centoinms in its molecule one, l>co. etc., hydroxi/l radicaU which 
H loses on reaction with an acid to form salts is called a moused. d«c.d. 

sim hydroxide is ft roon»cid ba«, cleium hydroxide is ft Uiftcid 


base 


NftOH + Ha - Naa +H,0. 
Ca(OH). + 2 HNO 3 -Ca(NO,), + 2H.0 


rl ‘j::non!:rr/;:.rMU •• 'conu... fo„r TK. rad.cftl .. 

now |>rcfcrT«l to - 



77 


TO] BLACK'S RESEARCHES ON THE ALKALIS 

These names are used also for organic bases which combine directly 
(like ammonia) with acids to form salts : 

CHjNHj + HCl -CHsNHj3Cl 

zDethyUmiAO me^yltmine hyUrochloride 

9««ic uUs may be regarded from two points of view. Bases contain 
hydroxyl OH, which reacts with the acidic hydrogen of acids to form 
water, and the other atom or radical of the base then forms a salt witli 
the radical of the acid. When a base contains more tlian one liy<lroxyl 
group a salt may be formed which still contains one or more liyclroxyl 
groups of the base : 

Pb(OH), + HCI - Pb(OH)Cl + HjO. 

We cal) Pb(OH)Cl lead hydroxy chloride or basic lead chloride. Basic 
salts rarely have simple formulae such aa this, and it is usual to regard 
them as compounds of normal salts with the free base or basic oxide, 
Thus the common basic lead chloride is PbCl^.TPbO, and a basic copper 
carbonate is CuCO,, Cu(OK) 2 . 


UME AND THE ALKALIS 


Black's researches on the alkalis.— The chemical nature of chalk and 
lime and of (he alkalis was largely explained by the classical researches 
of Joseph Black (1754-6). In his time three alkalis were knoum, each 
LQ two forms, a mild and a caustic (obtained by boiling with lime) : 

(l» Mild vegeuble alkali <potassiiun carbonate K,CO,> obtained from 
plant ashes ; caustic vegetable alkali <|>otassium hydroxide KOH). 

(2) Mild marine (or mineral) alkali (sodium carbonate Na,CO,) obUinod 
from ashce of plants groa*ing on the sea shore (deep-sea weeds conuin tho 
vegeuble alkali} ; caustic marine alkali (sodium hydroxide NaOH). 

(3) Mild volatile alkali, containing ammonium earbonele (NH.ljCO,, 
obtained by the distillation of bonee. from putrefied urine or from 
amm^nific ; caustic volatile alkali (ammonium hydroxide NH.OH. described 
by Doyle in 1 675). 


^estone. chalk and marble are earieties of calcium carbonate 
heating (" burning ’••) it forms quicklime which is 
tJOTgly basic and is appreciably soluble in water to form an alkaline 
solution (bme water). 

jork it was thought that limestone on burnina took 
Xt * f ‘y ■; fro" tte fire, becoming quickliml and 

to a mild alkaU on boiling with 
^^1 rendering the alkali caustic ® 

fe cUefly with magnesia) found that when limestone 

there is a loss of weight, and a gas which he called “ fixed air " 

»*nis for th® procs*. butitis thecwoettocluijcsl 
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(COj, overlooked in the old theory) is evolved. The residue is quick- 
• (1 ) limestone * quicklime + 6xed air. 

It the quicklime is slaked and boiled with a solution of mild alkali, the 
alkali becomes caustic and the quicklime is converted into the original 
weight of limestone : 

(2) quicklime -f-mild alkali ^limestone 4’ caustic alkali. 

If we add equation (1) to equation (2) we find : 

(3) mild alkali « caustic alkali -i- fixed air. 

So far from quicklime and caustic alkalis being compounds of lime- 
stone and mild alkalis with some caustic principle, they are seen to be 
simpler than the mild forms, and the mild forms part with fixed air in 
producing the caustic forms. Hence, according to Black, the corrosive- 
ness of quicklime and caustic alkali is an essential property of the pure 
earth and the pure alkali, respectively, and is not due to any separate 
principle of causticity. Black also remarked that : 

when we mix an acid with an alkali [i.e. am lid alkali), or with an absorbent 
earth [limestone or chalk], [fixed) air is set at liberty and breaks out with 
violence; because the alkaline bo»ly attracts it more weakly then it does 
the acid, on<l because the acid and air cannot both be joined to the same 
body at the same time.'* 

Wlien the solution of limestone in acid la mixed with mild alkali the 
original weight of limestone la precipitated. In this case no fixed air is 
evolvwl from the mild alkali although the latter forms a salt with the 
acid. This is because the fixed air is transferred to the lime with the 
formation of limestone. The theory of caustification is thus stated by 
Black ; 


“ If nuicklime be mixed with a clissolved alkali, it likewise shows an attrac- 
tion for fixe<l air. superior to that of the alkali- It robs tiiis salt of its sir, 
aud thereby becomes rnikl iuelf ; while the alkali is consequently ren<lored 
more corrosive, or discovers ite natural <legreo of acrimony, or stror^ 
attraction for woter ; which attraction was loss perceivable, os long os it 
was saturated with air- And tho volatile alkali [ammonium carbona^]. 
when depnved of iU air. besides this attraction for various bodiw. dis- 
covers likewise ito neturel rleiire* of volnlil.ly [«. omrnonia gM). 
formerly wimewhet repreeseci, by the [fiKedl ».r »<lh.nng to it. in the seme 
maimer as it is ropresseil by the s.i.iili<in of an acid." 

The action of heat on marble.— Tho evolution of “ fixed air ” on 
heating limestone (or marble) may be shown by the following expen- 

ment. 

.Some ,«w.lered marble is stronjlj hea.od in a ‘ 

. r.T« aV he-Atsil air is drawn hv an aspiratcir over the mArble, then duo 
r.Throuuh7l water in a t^l-tub.. (Kig. M). The lime «;ater become 
milky- This is a characteristic property of carbon dioxide, lionco m 
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on hdatiog ddcomposes into quicklime and carbon dioxide. (Since the 
preffiure of carbon dioxide over heated marble does not reach atmospheric 
pressure below a bright red heat, it is necessary to sweep away the gas by a 
current of air). The residue in the tube, on cooling, will turn moist red 
litmus paper blue. 



Fra. W,— Pecompoaition of marble by heet. 


The action of acid on marble .-»The weight of carbon dioxide given 
off from chalk or marble on treatment with acid may be found with the 
apparatus shown in Fig. 56. 


The Saak is fitted with a tube tightly packed with cotton wool to keep 
back spray ; the t«et*tube inside contains I gm. of marble and the flask 
CTOtains 20 ml. of concentrated hydrochloric acid 
diluted with its own volume of water. The tube 
oontaining the marble is supported by a piece of fl e^TTss 

fine thread passing outside aa shown, and the H 

apparatus is weiglied. q M 

rubber stopper is loosened and the tube con* 

Uining the marble allowed to drop into the acid. 

The stopper is then quickly and tightly replaced. jH 

The marble is allowed to dissolve in the acid. nt 

Since the fiaak is now filled with carbon dioxide 1 1 

which » heaviw Uian air, this gas must be dis- | fl 

placed by aspirating a slow stream of air through i 

the tube fitted with the clip, which was pteviously ^ D 

heptolo^, Theclipiaagaincloeedandtheappar. I 

atua weighed. The loss in weight represents the 
wbon dioxide evolved from 1 gm. of marble. 

One gram of marble should give 0-44 gm. of car- 
bon dioxide. ^ 

Flo. 56.— DocoiDpo&itioQ 

The action (rf quicklime on mUd ilkali^The °f by •eW. 

«^on m the cauatification of mM alkaU (waging aoda) by quiokiime 
la ahown m the following experimenta. 

Th« thin P«ite b boiled for aom. time with an 

distilled 

•nci filt«ed through a weighed filter paper (the concentrated solution 
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ciUint^grates Hlter paper), the precipitate being well washed with hot 
water. It ia then dried and weighed. 

The powder on the filter paper Is an artificial marble or limestone, which 
will eRervesce with acid. One gram of limestone should be obtained from 
0*56 gin. of quicklime* and 1 gm. of marble has been found to contain 0*44 
gm. of carbon dioxi<le. But 0*56 + 0*44 s | >00, hence the marble contains 
only quicklime and carbon dioxide. 

(2) An excess of slake<l lime is boiled with a solution of washing soda 
(b^t in an iron pan). The clear solution when decanted is found to have 
become caustic (soapy feel ; action on red litmus ; no. or only slight. 
oRervesceiice with acid). On evaporation in a dish a fused mass of caustic 
soda may be obtained end, as Black found : 

“ having once evajioratetl a part of the ... ley in a bowl of English earthen 
or stone ware, ami melto<l the caustic with a gentle heat, it corroded and 
dissolves! a part of the bowl, aiwl left the inside of it pitted with small holes.” 
A silver dish should be used, he says, but an iron one, e.g. a swid bath, is 
fairly satisfactory. 

The action of mild alkali on lime salt **.— When a known weight of 
marble is dissolved in hydrochloric acid, carbon dioxide is evolved with 
effervescence. The solution formed gives on evaporation a dehqueswnt 
salt called calcium chloride, and the same “ lime salt ’* U produced from 
quicklime and hydrochloric acid but in this case no gas is evolved. By 
mixing the calcium chloride solution with washing soda, a white 
precipiUle is formed wliich when filtered, washed and dried, is found to 
be limestone. The weight of this should equal the wciglit of marble 
originally token. The filtrate from the limestone precipitoto when 
evaporated gives common salt, and this is also produced by the action 
of hydrochloric acid on either washing soda or caustic soda. 

The reactions in Black's experiments can be represented by the 
following equations : 

1. Preparation of quicklime (calcium oxide) from limcstono (calcium 

carbonate ) : CoCO, * CaO + CO 

2. Slaking of lime : 

CaO + H,0 a Ca(OH), (calcium hydroxide). 


3. Caustification of mild alkali (sodium carbonsu) j 

Na,CO, -I- Ca(OH), = CsCO, + 2NaOH (sodium hydroxide). 

4. Action of acid on limestone or mild alkali : 

CaCOj + 2HCI = CaCl, (calcium chloride) + CO, H,0. 

Na CO, 4- 2HCI = 2NaCl (wlitim chloride) + CO, -r H,0. 

5 . I’recipiUtion of liino s«U (calcium chloride) by mild alkali : 

CaCI. * CaCO, . 2Naa- 

An i.n,>ortan. feature of Black * «ork '‘ Weh waa mcn.^nHi on p ^2 

,vaa the i*e he ma.le of quantitative cx,.enmen^ B^vle had done this, 
to use tlie balance in chemical cxi>enmcnta, since Boyle had do 
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but Black‘8 method drew the attention of chemists to the need for 
quantitatJTe experiments, and I^voisier (who knew Black's work well 
and was much influenced by it) was able to make great progress in 
chemistry by his constant use of the balance. When Lavoisier proved, 
for example, that a metal gains in weight when it is converted into a 
calx, and an equal weight c! air disappears, it could no longer be said 
that the change is due to the escape of phlogiston (p. 32). Before this» 
Black bad shown that when limestone is converted into quicklime on 
beating, its weight decreases, so that it cannot gain a fiery matter in 
becoming caustic but must 1^ something, which Black showed was a 
peculiar gas. fixed air. 


CHAPTER Vni 


THE LAWS OF CHEIkHCAL COMBINATION AND THE 

ATOMIC THEORY 

It was seen in Chaptera II-IV that progress was made when chemical 
changes were studi^ quantHaiUely, and as a result of such experiments 
five general laws were discovered. These are ; 

( 1 ) The law of ConMmiioa of Maas. 

(2) The Law of Coosunt Propoitioas. or the Law of Propordoos. 

(3) Tlie Law of Vuldplo Propordosa 

(4) The Law of Reciptoosl Proportions or the Low of EquiTalrat Proportion!. 

(5) T)>e Law of Oaseoua Volumos. 

The first was discussed in Chapter II» and the Law of Gaseous 
Volumes will be studied in Chapter IX. The txpianadon of these laws 
is given by the Atomic and Molecular Theories, but the laws themselves 
are purely experimental and independent of theory. 

The law of constant proportions.— This law was stated by Proust in 
1 7 i )7 : eUmtnU combine in definiU ratios by weiyhl.so that t^ composition 
of a pure cAemicaf compound is indtpendenl of the tvay in which it is 
prepared. 

•• We must;* says Proust in 1709 and 1805, “ recognise an invisible 
hand which holds the balance in the formation of compounds . . . a 
compound is a subsUnce to whicli Nature assigns fixed rati«, it is. m 
short, a being which Nature never creates otherwise than balance m 
hand, pondere et mensurd.*' -jj 

Bcrthulk-t, a contemporary snd acquamtence 
his rAemical Maliu (1803) that the oomi»s.t.on of “ ^ 

variable and UeiJenUeJ on ita mode of j.rcparation. He relied on the 
following experimental evidence : 

1, A metal such as lead when heate.1 in air. absorbs ’’’‘yge'J ^ 
tinuously increasing amounts up to a fixed maxunum. corresponding aith 

a„ base, .uc., 

Conner may be precipiUted with increasing amounts of a 

sucT potiu, to for,; a continuous scn« of basic salts, m which the pro- 

portion of acid continuously d«Teo^. ouantitiea of 

‘ WHien mercun' di»5*)lvcs in nitnc acwl, it unites witn q 

oxvttcn vrrZTc-th««--'y f-" ‘ “ f"""® 

aalti to a maximum, when it forms mercuric aalW. 
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4. Solutions of sulphuric acid, salU, alcoliol. etc., metollic alloya, 
ainalgaJTiB, and glaasee. can have very variabld compoeitiona. 

Proust met these objections by experimenu : 

( 1 ) The supposed continuous series of metallie oxides are mixtura of two 
(or a small number) of oxides, each of definite eompoeition. The oxides of 
tin obtalnsd by calcining the metal in air are all mecitanical mixtures of 
two definite oxides (possibly with some unchanged metal), 

I . Stannous oxide. 2. Stannic oxids. 

Tin • • - 87 78-4 

Oxygen • • 13 21-6 

(2) The basic salts of copper of variable composition are mixtures of 
dsfiiuto basic salts with hydrated oxids of copper. 

(3) Mercury dissolving in nitric acid forms only tteo salts : mercurous 
nitrate with excess of metal and cold dilute nitpic acid, and mercuric 
nitrate from the metal and excess of concentrated nitric acid. The other 
supposed salts are mlxturee of these. 


BerthoUet bad to recognise that substances of definite compoai* 
tion could very often be formed, but he regarded these as exceptional. 
In them, the proportions of the dements gave the compound which was 
least soluble, or most TolatiJe, or densest. Thus. “ it so happens that 
salts separate cut by crysUUisation in tbe neutral sUte, because in tho 
neutral state the Insolubility is greatest/’ 

The fourth class mentioned by BerthoUet gave Proust a good deal of 
trouble, Ho replied W pointing out the difference between a purs 
lubstsae* and a Mlutioo, He says : 


Is the power which make* a metal diaeolve in sulphur different from 
that which makes one sulphide <iian>lve in anothert I shall bo in no hurry 
to answer Uii* question, legitimate though it bo. for fear of losing myself in 
s repoa not eufficiontly lighted up by the fscU of ecienee j but my die. 
tmctiow ^l, I hope, be appreciated all the same when 1 say : The attrac 
♦w u' ^ diaeolve in water may or may not be the same as 

mat which makes a fixed quantity of carbon and of hydrogen dissolve in 
corner quantity of oxygen to form the sugar of planta, but what we do 

^*0 hinds of attraction are so different in their 
reaujta that it is impoosible to confound them." 

“« sometimes miiturcs of 
<»**■ ‘epTetely on cXg ; 
homogeneous solutions ; sometimes they conU^ 

Pt^ constant proportions seemed to be 



84 INORGANIC CHEMISTRY [chap 

that such differences do not exceed I part in 100,000, witliin the limits 
of experimental error. 

Isomerism and allotropy.' — The law of constant proportions states 
that a <lefinite compound has a fixed chemical composition. Tlie con- 
verse is not always true : the same elements may combine in the 
same proportions to form two or more different substances, each with 
characteristic properties. This is known as Isomerisia. and different 
substances of the same composition are called isomen. Chemical com* 
position alone does not uniquely determine a pure substance. 

Red !ncrcuric iodide changes at 126® into a yellow form of identical 
composition. This remains yellow on cooling, but changes into the ted 
form wlicn rubbed. 

An element may exist in various forms, which are cailed tUottftpic 
modihcatioQs, or aUotrop«. Allotropy U one form of isomerism. (The 
name allotropy is now frequently applied to compounds in different 
physical states, such as the two forms of mercuric iodide, as well as to 
form.s of elcmenU). Examples of allotropy are the forms of sulphur 
(p. 450), phosphorus (p- 568), and carbon (p. 503). 

Isotopes.— Soddy and Hyman in 1914 found that specimens of lead 
chloride, preimred respectively from thorium and uranium minerals 
containing lewl. differ in composition by 1 part in 225- This was con- 
firmed by Richards and Lembcrt (1914). There are different wieties 
of lead, which combine in different proportions wth chlonnc. the 
different varieties of an element, which have different combming pro- 
portions, are called isotopei. 

Some reeulu giving the weights of <lifferent st>ecimens of )w\ from 
minerals, which combine with 70«92 parts of chlorine, are given below. Ihe 
first throe minerals are all varieties of pitchblende, uranium minerals free 
from thorium ; the last two are thorium minerals conUining also eome 
uranium. The value for ordinary lead is 207-2. 


Bast African pitchblende • 
nroggerite 

Cleveit© . • • • 


200<0i) 
20600 
200 06 
200 '69 
207 00 


, OAn.R-4 

(Thorianite (confining also 26-8 per cent- uranium) - ■ 

iTIiorite (301 [.er c«>t- thorium ; 0-45 per cent, uranium) - 

It will be expleind letcr that meny oMin.ry 
inotiinoi Since (1) these mixtures are usually inseparable by ord ly 
chemkal means, ami (2) all specimens of the element us^l ly *''® 

in the »ime ratio., the element ^havra m 

The law of multiple proportions.-Ae a 
speculations, John Dalton about 1803 concluded that . uAen 
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^menii ambint to form mort ilutn om compound, iht utifjhts of one 
dement tckich unite with identical tceighte of Iht other art tn the ratio of 
Wiofs numbers^ u^ally 9mall. 

Although Proust knew of different oxides and sulphides of tin, copper, 
and iron, his analyses were not accurate enough to show any simple 
relation between the weights of oxygen or sulphur combined with 
idcDtical weights of metal. In the two oxides of tin (p. 83), tlie w*eight$ 
of tin combining with 100 parts of oxygen are in the ratio 1 : 1*87. 
According to Dalton, the ratio should be exactly 1:2. Dalton's analyses 
were no more exact than Proust's, but those made later by Berzelius 
proved the accuracy of the law. 

Dalton, by mixing 100 vole, of air will) 36 vols. of nitric oxide over water 
a a narrow tube (5 in. « 0*3 in), obtained a residue of SO vols. of nitrogen, 
after all the oxygen of the air had combined with the nitric oxide to form 
nd furoee, which were absorbed by the water. Ihit if the experiment wae 
paribrreed in a wide cylinder. 72 vole., i.e. 36 x 2 vols. of nitric acid could 
ba added. 80 vols. of nitrogen again remaining. Ti)us, "... oxygen can 
combine wi^ a certain portion of nitrous gas, or with twice that portion, 
but with no intermediate quantity." 

Analyses of two oxides of carbon by Dcsonnes, and of tw’o hydridc.9 
of carbon by Dalton (1804), also confinned the law : 



Carbon monoxide. 


Carbon dioxide. 

Carbon 

. 44 

2dn 

/ 44 

Oxygen 

. 50 

TLOf 

" U)2'8s60> 


Msrah gas. 


Olefiant gas. 

Carbon 

• 4*3 


4*3 

Hydrogen • 

2 


1 


A striking example of the law of multiple proportions Is given by the 
five oxides of nitrogen . The weights of oxygen combi ned w ith 1 00 parts 
of nitrogen in these are as follows : 

57 114 171 228 2SS 

If all these numbers are divided by the least, 57, we obtain the series : 

1 2 3 4 6 

Roving that the weights of oxygen combining with identical weights, 
100 parts, of nitrogen to form the five compounds are in the simple 
Kdjos 1 : 2 : 3 : 4 : 5. 

Weigh out two portions of 0* 35 gm . of iodine. Add one in small quantities 
at a time to 10 gm. of mercury In a small mortar, triturating the contents 
™r each addition of iodine. The mixture is converted into a green powder 
iodide). To this add a further S 35 gm. of iodine and triturate. 
A reddtsA.yeUew powder {otercurk iodide) is formed. In mercuric iodide tlie 
w^ght of mercury is combined with twice the amount of iodine con* 
in mercurous iodide. 
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Wrap 01 gm. of bicarbonate of potash in tissue paper and pass it to the 
top of a euiUomeier tilled with mercury, the upper part containing 1 ml. of 
concert trate<i hy<lrochloric acid. Carbon dioxide is evolved. Heat gently 
0 2 gin. of bicarbonate in a crucible for a few minutes : it loses some carbon 
dioxide, forming carbonate of potash. With acid, this evolves tlxe same 
volume of gas as tl»e 01 gm. of bicarbonate. Hence the bicarbonate, on 
heating, loses exactly half iU carbon dioxUle in fonning the carbonate. 

The last experiment is due to Wollaston (1808) ; Thomas Thomson 
(1808) showed that oxalic acid reacts with potash in two proportions, 
producing a neutral and an acid salt, and the acid oxalate requires, for 
identical weights of potash, exactly twice as much acid as the neutral 
salt Wollaston discovered a third oxalate and found the weights of 
oxaiic acid to be in the ratios 1:2:4. The law of multiple proportions 
applie.^ not only to elemenU, but also to compounds which interact 

chemically. ^ ^ * j- 

The exactness of the law was illustrated by Stas (1849). Carbon di. 
oxide was prepared by passing oxygen over a weiglied amount of pure 
charcoal, diamond, or graphiU. heated in a tube, and the gas vm 
absorbed in tubes conUining potassium hydroxide. Carbon monoxide 
was also oxidised to dioxide by passing it over red-hot copper oxide : 

carbon monoxide + copper oxide - carbon dioxide + copper. 

One hunclrecl parts of cHtbon dioxide contained 2T 278 parts of cyboii. 
The weight of carbon monoxide giving 100 parts of carbon dioxule ww 
63 040. Hence, 100 parts of carbon lUoxide are produced from : 

63 040 parts of carbon monoxide and 100 - 63'640«30«360 parU of 
oxygen ; 

27-278 riru of carbon anil 100 - 27-278= 72-722 parU of oxygon. 

Aaain 03-040 iMirta of carbon monoxide conWin 27-278 parts of carbon 
an<i 03-040 - 27-278 = 30-302 parts of oxygen. Thu* 27-278 parU of carbi) 
are combine.! in carbon monoxi.Ie with 36-302 1’“^ 
carbon dioxide with 72-722 (urts of oxygen. But 30-302. ,2 722 
1 : 199995. which ihflers from tlio exact ratio 1 : 2 by only I part m 40.0 . 

The Uw of equiyaJent proportions.-In 1766 Cavendish caUed a gWen 

conductivities of the solutions. 

Exporimenu on t.te compoai.io^ of «.U a^. t^e •-S'iS-.Tn hi* 
Dresden. 1777. Berzel.ua. apiKirontlj b> an o.ereight. 
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discovered tlie law of equivalents. This is not oonfirmed by an examination 
of the book, which U written in an involved and obacure style. 

In one experiment Wenzel discusses the reaction between silver chloride 
and mercury aulphlde, producing silver sulphide and mercuric chloride. 
Prom his snalysee of the four compounds he concluded that the silver of the 
silver chloride would not be sufficient to combine wi^ all the sulphur of the 
mercuric sul]riiide. The inference is that the excess of sulphur remains un* 
combined. In other cases. Wenzel actually refere to uncombined residues 
from double decompositions, and suggesU that they be used up by 
adding other substances. 

The generalisation of Cavendish's experiments is due to J. B. Richter 
in his iStetcAiome/ry, 1792-4. His reasoning is obscured by attempts to 
find mathematical relationships where Nature has not provided any ; 
it was clearly stated in (he German translation by £. Q. Fischer of 
Bertbollet's Reuarchts on tU Lates 0 / Affinity 0^02). In this a uble 
of equivalrat wsighta of acids and baaes appears, part of whicli is given 
below. 


Bsm 


Alumina • 


• 625 

Ammonia 


• 672 

Lime 


• 793 

Soda 


859 

Potash • 


• 1605 

Baryta . 

• 

• 2222 


Acids. 


Fluoric • 


• 427 

Carbonic- 


577 

Muriatic • 

• 

712 

Oxalic • 


756 

Sulphuric 

e 

• 1000 

Nitric 


• 1404 


The msaning of Uiia Uhls/' said Fischsr. “ is that, if a substanco is 
taksn from ons of the two columns, say potssh from the fiist, to which 
corresponds the number 1605. the numbws in the other column indicate 

necessary to neutralise theee 1605 parte of potash. 
wU in this ease be required 712 parte of muriatic (hydrochloric) acid. 
677 parts of carbonic acid. etc. If 4 substance is taken from the second 
column the first column is to be used to ascertain how much of an eartii or 
ot an alkali is required to neutralise it.'* 

number* give* by addition in pairs the oomposi- 
f“ V' •i* “lt«. eay those correspon^ng 

^ of tbe other thirty may be 


Richter's result is a special case of the law of proportion.' 

0/ 1»0 (or 7^) wfcrtanrea which ccparaUly react chemically 
^ tdentwal wetghlc of a third are alto the wtighU which react wilh each 
other, or are related U>Acm in the ratio of idicZniimbert. 

ocimylent weights of the elements are fundamental 
onosen . Dalton took hydrogen as 1 (since its equivalent is the 
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smAliest of all). ^meMus took oxygen » 100. When hydrogen « 1 , the 
equivalent of oxygen is not quite 8 (see p. 100) ; at present the standard 
is ©rygeo *8, when the accurate value for hydrogen is 1*008. 


1*008 part$ of hydrogen 
eombine with : 

8 or I S of oxygen 
35*5 of chlorine 
SO of bromine 
127 of iodine 
IS of sulphur 
20 of calcivxm 
23 of sodium 
S3 of copper 


I ’DOS parU of hydrogen 
are dUpicud by : 

9 of alumimum 
1 2 of magnesium 
20 of calcium 
23 of sodium 
2S of iron 
32*5 of 
59 5 of tin 
63 of copper 


8 p4rt« «/ oxygen 
combine with : 

35*5 of chlorine 
12 of magnesium 
20 of calcium 
23 of sodium 
18*66 or 2S of iron 
31*6 or 63 of copper 
29*75 or 59*5 of tin 
100 or 200 of mercury 


35*5 pane of chtorino 
combitte with .* 

12 of magnesium 
20 of calciiim 
23 of sodium 
32*5 of zinc 
18*66 or 28 of iron 
29*75 or 59*5 of tin 
31*5 or 63 of cop|>er 
100 or 200*of msrcury 


of metoU dUptaeing 
one another from eompounde : 
12 of magnesium 
20 of cslcium 
28 of iron 
31*5 of copper 
32*5 of zinc 
59*5 of tin 

100 or 200 of mercury 
107*9 of silver 


Tlie figures in this t»blc agree with the law of equivalent proportions 
and show the weighU of various elcmenU which combine together or 
disnUce one another from comjiounds. These are called comtuim* 
wight, or .,aiTsl..i or (usually) «iuiv.l«t.. In some cases tin 

element has more than one equivalent but these arc always m a who o 
number ratio ; in the cases of oxygen, copier, tin and mercury this is 

1:2; in the case of iron it is 2 : 3. 

The deUrmination of equivalents.— EquivalenU are determined 

experimentally in various ways. 

equivalent of „f copi«r 1. foim.i by weighing 

..i... .r I- 

*'‘',‘nr^ie weight of an element combining with 8 00 parts of oxyger^ 

fo:n:iT ro:bi^ation may Uhe pure dir«tl>^«when^ 

air or oxygen, or indirectly as . oxygen compound is da* 


in 
sen 
coin 
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of oxygen libera tod is found, and the equlvaient of mercury or of potassium 
ohJoride be calculated. 

(4) The equivalent of silver is found by converting a known weight of 
silver into silver chloride by heating in a current of chlorine, and calculating 
the weight of silver combining with 35*5 parts of chlorine. A known 
weight of silver is dissolved in nitric acid and the weight of a chIorj<le of an 
element, potassium chloride, which just completely precipitstea the 
silver nitrate solution as silver chloride is found. The equivalent of 
potassium chloride is the amoxmt which just precipitates the e<(uivalont 
of silver from the silver nitrate solution. 

15) A givm weight of one compound, composed of elements of known 
equivalents may be converted into another compound, containing the 
slsroent of which the equivalent is desired. Thus, potassium chloritle is 
converted into potassium nitrate by repeated evaporation witli nitric acid. 
Prom tl»e known equivalent of potassium chloride, the equivalent of 
potassium nitrate is calculated. 

An apparatus for tl^e determination of the equivalent of a metal by 
method (I) is shown in Fig. 57. A suitable weight of the metal is put into 
the small tube which is supported in 
the flask containing the acid or alkali 
solution by a thread pinched by the 
rubber stopper. Theapperatus is fitted 
together, the bottle ^ing 51 led with 
water. The metal ia brought into the 
liquid by loosening the stopper for a 
moment, when hydrogen is evolveri 
and displaces water from the bottle 
into the measurmg cylinder when the 
clip is opened. When action ceasea 
and the flask has cooled to room tem> 
porsture, the volume of water in the 
cylinder la read off after equalising the 
levels. The gas volume is reduced to 
ml, at S.T.P. and when multiplied by 
0 00009 gives the weight of hydrogen displaced by the weight of motal 
taken, m weight of metal displacing J 008 gm. ofhydrogen is the equiva- 
lent. Zme. megnseium. iron and calcium may be dissolved in cold dilute 
suiphurjc or hydrochloric acid, tin in hot concentrated hydrochloric acid, 
tod alu^^ in * mixture of equal volumes of concentrated hydrochloric 
acid and water or m warm dilute sodium hydroxide solution. 

^ determination of equiyalente.-The equividenta of some im- 
elemwte were eccoretely determined by the Belgian chemist 

time S2“i^vlil ’■ 



Fio, 57.^App»retus tor deterroino* 
tion of equivalents. 
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chlorate Is known to contain 6 equivatotta of oxygen, hence the equivalent 
of potassium chloride, ar. Is given by : 

6x8 :7 = 49'6102 :77 *4023 : /. xw 74*59. 

14*427 gm. of potassium chloride gave on precipitation with silver nitrate 
?«olution 27*732 gm. of silver chloride, hence the equivalent of silver chloride 

is given by 74*59 :x = 14*427 : 27*732 ; x* 143*37. 

101*519 gm. of pure silver when heated in a current of chlorine gave 
134*861 gm. of silver chloride, so that the equivalent of silver is given by 

143 37 : XW 134*861 : 101*519 ; x® 107*93. 

Hence the equivalent of chlorine is 143*37 - 107*93* 35*44, and the 
equivalent of potasshun is 74*59 - 35*44 * 39*15. 

In 1895 Morley determined the combining ratio of hydrogen and 
oxygen and found I : 7-9395 ; Scott (1893) and Burt and Edgar (1916) 
found 1 : 7-938. The equivalent of chlorine was determined with re- 
ference to hydrogen by Dixon and Eldgar (1905) and Edgar (1908) by 
burning hydrogen and chlorine together, and by Gray and Burt (1909) 
from the density of hydrogen chloride gaa, and the decomposition of the 
latter by heated aluminium with liberation of hydrogen. The equiva- 
lent of chlorine 80 found. 35-187 (H-1) referred to oxygen - 8-000. i* 

thus 35-187 * 8 000-r7-938- 35-458, 


which differs from Stas's figure by as much as 1 in 1500. 

The modem equivalenU of most of the important elements are bas^ 
on the equivalenU of silver, chlorine or bromine. Oxygen appears m 
few direct ratios and practically no oxidca are suiUble for exact 
The oxides of meUU cannot usually be obtained sufficiently pure. Ui 
the fundamenUl secondary sUndards. ® 

oxide, the oxides of chlorine are exp Mive and difficult * 

nitrate and fused it in hydroecn. 

. I, U. commonly stslcd th.l •• •'J'*”'"" 

-rrect ^ .h. ...ft or 

knoNv leUgt*- 
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Richards profited by the Improved laboratory facilities which had 
become av»lable since Stas’s time, particularly In purifying materials, 
especially the silver ; he used platinum or quartz vessels, electric 
heating, and a centrifuge for separating solids trom liquids. Richards 
also invented two important new devices, the apparatus and 

the mphelomeUr. 


(1) The bottling apparatus (Fig. 58) is a hard glass or quartz tuba A fitted 
by a ground joint to a soft glass tube B with a pocket <7. A platinum boat 



conUining the euhstenca was put into A , the weighing bottle into B and the 
etopper^inC. The boat was heated in a current of a gas. After cooling, the 
gas was displaced by dry air and the boat pushed into the weighing bottle, 
after which the etopper wae eimilarJy inserted. The bottle was then trans. 
ferred to the balance. Hdmgschmid’s apparatus is similar, but the boat and 
etopper aw moved by the action of a magnet on a bulb conUining iron. 

(2) The fispbelometer (Greek nsphilt, a cloud) determined tracee of 
iparingly soluble subeUncee euch as silver chloride 
dissolved in the washiaga. In this case exceea of 
silver nitrate was added, when (owing to the 
common ion effect, p. 3J2) a small amount of 
sUver chloride was peecipiiated from the solution 
and an opalescence developed, which was com* 
pared with a standard in the nephelometer. This 
c^iats (Fig. 59) of two teet- tubes conUining 
the liquids and inclined in an inverted V. partly 
screened from bright light by two shuttera. one 
moving over a scale. If the shade over the 
standard covered half the tube when the same 
appearance was seen from above, viewed through 
two fiat prisms, theo a new standard about half 
as concentrated was put in, and a new comparison 
made. In this way the amount of suspended sub- .. 

Ri^MdMLnd ForW (1906) red«t«r„mi.d th. ratio .itoer/.i(«r nOrot. by 

•liver the correepondmg combining weighu of nitrogen were calculated as : 

^ver . . 107-93 107-89 107-88 

Nitrogen . . U 037 J4-0U U-OOS 

Since accurate physico-chemical methods (limiting densities, ete.) had given 
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th9 value nitrogens 14*008, silver must be taken as 107*88 to agree with 
this. 

Hdnigschmicl (1937) found the same value for the ratio 9ilvtrl8ilveT 
uUrfitt by the dry reduction of silver nittate to metaUic silver. HOnig* 
schmki and Sachtleben (1939) firsi referrefl silver independently to oxygen 
by (i) converting a known weight of pure barium perchlorate into chloride 
by heating in hydrogen chloride gas, thus finding the ratio hortum chloridti 
oxygen (the solids were weighed in vacuum to avoid errors due to adsorbed 
gas), (ii) precipitating (he barium chloride as silver chloride and so finding 
the ratio barium cMorideltilver cMoritU. From the two ratios they calculated 
the e<|iii valent of silver as 107*880. This value is now accurately known, 
and since in the majority of cases equivalents are determined relative to 
silver as n secondary standard, this is very important. 


THE ATOMIC THEORY 


The law of conservation of mass, the law of constant proportions, the 
law of multiple proportions, and the law* of equivalents were first ex- 
jdained on the basis of the atomic theory by John Dalton in 1803* 
The atomic theory supposes matter to be composed of very small 
indivisible particles called atoms, from the Greek meaning " something 
which cannot be cut Lcukippos and Demokritos, the Greek philoso*^ 
pliers, about 450 B.c. made use of the atomic theory in a rudimentary 
and qualitative form. 


Dalton's atomic theory a.sserta that : 

(1) The chemical elements are composed of very minute particles 
of matter called atoms, which remain undivided in all chemical 
changes. 

Tht n(om U iht smalltat mass of an eltmtni which can take pan tn a 

chemical change. _ ^ ^ . 

(2) Each kind of atom has a definite weight. Different olcmenU have 

Atoms differing in weight. . . ♦ 

(3) Atoms combine in simple numerical ratios, e.g. 1 atom A + 1 atom 
B ; 1 atom A +2 atoms B ; 3 atoms A + i atom B ; 2 atoms A + 3 
atoms B, etc. 

These simple assumptions will explain the laws of chemical corobina. 

tion. . , 1 L 

In the first place, atoms are indestructible in chemical changes, so 

that «-e aec the necessity of the law of eonttn-alim of mats. 

in the mo.lcm atomic theor,’ {s«- XXIII) an atom is « 

contain a vcr>- small positively charged m.cleus. surrounded by negatively 

• i5ce d Uml,ir Club B.priul No. 3. The stor>- that Dalton was led to •j'® 
ton's A .'yhort /fitlortf «/ Chtmifirtf, p. 1x4. 
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eharife<l doctroiis so that flic atotii a* <i kIimIc is ncoiml. 'Ilic atomic 
nMcloi, wliicli coiitumall Ixit AMmill |tarl <»rtlic icms^ of i he atom, cuter niv I 
leave chemical cliaiijtea unaffected, but M»n)C of (ho oiifcr electrons aro 
removed or ro«listribute<l. Hus {tart of I Ml ton 'a thc<ir\* i<. thercfi>re, 
ea^riiimlly retainei). 


The smallest particle of a t^unpotiinl. called a ' cMunjMuijid atom '* 
b}’ Dalton, is now caMc<l a Dclecuk. He assumed that the molecules of 



a arc „|l «|iko, of „f j,, 

n»lu,n-» 1.0, iK^.. inclifK,, by „„ .|i,..„ver.- of i«„oiKS 
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have the same atomic number, although they may have different atomic 
masses. The " element lead *’ is any cme of the several isotopes of lead, or 
mixtures of any or all of them in any proportions. 

If two elements combine in more than one ratio, the molecules of the 
compounds must contain whole numbers of atoms of the elements : 
m atoms A -i-n atoms B, and x atoms A + y atoms B. The numbers of 
atoms of 5 combined with one atom of are n/m and y/x, in the ratio 
nxjmy, i.e. in the ratio of whole numbers ; hence the weights of B com- 
bining with identical weights of A are in the ratio of whole numbers. 
This is the Law of Multiple Proportuu. 

Compounds of the elements A and C mtist be formed according to 
the scheme : ?n atoms A + n atoms 0. Compounds of the elements B 
and C must be composed of : x atoms 5 + y atoms C. Compounds of 
the elements A and B must contain ; p atoms A atoms B. But x, 
y, m, n, p, q are whole numbers, usually email. Hence p. q are either 
the same as m, z, or whole multiples of them, usually small. This is the 
Law of Equitalsot Proportioaa. 

Atomic weights. — The absolute weights of atoms are very small and 
Dalton attempted to find only the relative weights, taking the weight of 
the lightest atom, that of hydrogen, as unity. The atomic weight of an 
element was then the number giving the ratio of the weight of an atom 
of th at ele ment to the weight of an atom of hydrogen. Dalton 'a original 
atomic theory provided no means of determining even the relative 
weights of atoms. Although 8 parts of oxygen combine with I part of 
hydrogen, we do not know bow many atoms of each element the molecule 
of water contains. If it contains I atom of each element {as Dalton 
supposed), the atomic weight of oxygen is S, but if it contains 2 atoms 
of hydrogen to 1 atom of oxygen, as the volume ratio of the combining 
ga.scs would suggest, the atomic weight of oxygen is 2 x 8 - 10. 

The existence of three isotopes of messes 16, 17, and IS, in ordinaty 
oxygen makes the '' chemical atomic weights, determined with respect 
to O s 10 * 000 , really about 2 parts in 10,000 smaller than those determined 
(say by the mass spoctromph) by physical *' methods, which are reforrcil 
to the UK>to|>o 1*0 - 1C 000 (Aston, J. Chem. Sot., 1022, p. 2890). 

If the absolute weight (or mass) of any one atom is determined, tho^^o 
of all the others are found by simple multiplication of this by the ratios 
of the atomic weights. In recent years the mass of the bjdrogtt atom has 
been found by several different methods to be 1*66 x 10“** gra. Thus, 

1 ml. of hydrogen, at S.T.P., weighing 0 00009 gm., contains 5*4 x lOJ* 
at<ims. The weight of the uranium atom (atomic weight 230), is 
23Gx l-G0xl0-««3-92x IO-« gm. 

Chemical nomenclature and notation. — The method of naming 
chemical substance's is chemical nomenclature ; their representation by 
symbols is r ho mica I notation. 

‘I’ho noiiM'tjclaturc of tho alehcmisU was emj>incal- The same aubstanoo 
had a s orioiy of nainca, depenfling on its mode of preparation, and nomoe 
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wero oftdo based on ac4ndM)tA( resemblances. Thue butUr of aniimony was 
classed with ordinary butter« and oii 0 / vitriol (sulphuric acid ) with olive oil. 

A Bcienti5c nomenclature began with Macqucr and Baum^, who ciaaae<l 
together the glassy, crystsUineaiibstancea: xokiit vitriol (zinc sulphate), 
vitriol (ferrous sulphate], and 6fu< vitriol (cof^ier sulphate). Bergman's 
system of nomenclature (17S2) indicated the h^ic and acidic constituents 
of salts. E-g. salts of potash or the v^table alkali, were named v€{felabile 
vitriolotwn (potassium sulphateK oogeiabiU ntlraluni (potassium nitrate). 


The modem chemical nomenclature had its origin in a treatise 
{MitKcdi d'une fiorrundatun chimique, )787) drawn up by Lavoisier, 
BerthoUet. Guyton de Morveau, and Fourcroy. in order to make t)ic 
antiphlogistic doctrines leas dependent on names whicli had arisen 
during the phlogistic period. 

Some elements (copMr, gold, tin, sulphur) retain their old names ; 
newly discovered metals have names ending in 'ua and non metals in 
•on (except deuterium). 

Dalton used circular symbols for atoms r 
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olefiant gaa 
marsh gaa 
•o carbonic oxide 
carbonic acid 


0 hydrogen ^ carbon 0 copper 

0 oxygen 0 aulphur Q lead 

0 nitrogen 0 phoephorus 00 water 

00 ammonia C#0 

The present chemical notation Is an extension by Berzelius (1813) of a 
sysUm used by Thomson (1802) ; it replaced Dalton's symbols by the 
imtid letter, or the initial and one other letter, of the Latinieed name of 
the element. A list of symbols is given inside the front cover, The 
TOW has a quantitative significance, and represents one atom or one 
stomic ««i^t of the element. 0 represents 16 parts by weieht of 

chlorine, eU. ThU is the most 
important feature of the system of chemical notation 

compound, indiwte their composition. In names of 
Mmpounde of two elements, the name of the more electro|>ositive (p 

suiUbly contracted and with the tenninaUon -id.. The order in which 
the elements are Uken m forming the names should be as follows : 
Metals. 

(Mrbon. 

Nitrogen, phoephorus, areeuic. 

Hydrogen. 

Sulphur, selenium, tellurium. 

Halogens (fluorine, chlorine, broniine. iodine) 

Orygw. ' 

the^eleS“,Sh1r"ff a ^ 

« 



8S 1N0RGA^*IC CHEMISTRY [chap 

Since two olemenU may combine in more than one ratio* this is 
represented by suffixes added to the Latin names, or by prefixes : 

Cu,0. cuprous oxide \ _ SO|, sulphur dioxide I „ - 

CuO, cupric oxide / SO., sulphur trioxid* / 


The suffix -ous denotes the lower, and -ie the kighery proportion of 
oxygen, chlorine, etc. In a series of oxides, the one containing the 
highest proportion of oxygen is sometimes called a peroxide, but it has 
been proposed to restrict this name to a special cla^ of oxides, giving 
hydrogen peroxide (HjO^) with acids, such as Na^O^, BaO^. Tlie name 
peroxide is used rather loosely. 

A chemical change is represented by an equation, whicli indicates 
bow many molecules of the initial substances interact to produce the 
specified number of molecules of the products. The numbers of atoms 
of every element must be the same on both sides of the equation, that is, 
the equation must be 6<i2anced. 

Valency. — The ratio of the atomic weight to the equivalent is equal 
to the valency of an element : 


, Atomic Weight 
E.iuivaUn, 


The valency of oxygen i$ 16/8 *2 ; that of copper is 6$/31'5 «2 in 
the cupric compounds, and 63/63 ■ I in the cupratta compounds. 

The valency of hydrogen is I, since the atomic weight is equal to the 
equivalent. If E is the equivalent, A the atomic weight, and n the 
valency of an element, A ^nB. Since 1 atom of hydrogen combines 
witli a weight By it follows that n atoms of hydrogen will combine with 
a weight A, hence this number h is equal to the valency. 

Hydrogen compounds are known in which one atom of an element is 
combined with one, two, three, or four atoms of hydrogen : 


HCl H,0 H,N H,C 

Hydrochloric ACid. WaIat. AmmoniA, MothAoe. 

The atoms of chlorine, oxygen, nitrogen, and carbon can unite with 
one, two, three, an<l four atoms of hydrogen, respectively. None of 
tfiese compounds of h>*drogen contains more than one atom of an 
clement combined with one atom of hydrogen.* and the latter is taken 
as the standard of combining capacity or valency. The valency of an 
element ia measured by the number of hydrogen atoms wAfcA unite with one 
atom of that element. The elements chlorine, oxygen, nitrogen. an<l car- 
bon are univalent, bivalent, tervaicnt. and quadrivalent resfjectively.t 


• The only ca^ in whkh 1 Atom of hyrlroeon comhineA wilh more thAn I jlora 
of onothcf elemrrH w hy<JrA*oic Acid HN, in which tho asiiIa group - is 
univAleni. _ , 

tThe hybrid nAmw moAo-. di-. iri: Mm. And ^n/o.vAknt Are 
instoAd of the more correct «««.. Si-, M; quoUrt- on<l <pi»uqnc.\»lent. 
with valcnrio* of fi. 7 ami 8 Are CAlle.! rex.ro/«U. and 

r.'sj.c^' lively. I» Ihwbook tho ronvemont obUreviAtiorw •>-. 3-. 4-, & , u • ^ » 

S vuletit Svill l>o used. 
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Since chlorine is univalent it may be used instead of hydrogen In 
determining the valencies of elements, which are the same as those 
referred to hydrogen, but quinquevalent elements are now included : 

a,o cijN ci,c cijP 

GUorioe Nitrogm Cer^o Phosphorus 

monoxide. trichloride. tetnehloride. pentechloritle. 

Oxygen is bivalent and if it combines with one atom of anotlier 
element the latter (e^. calcium in calcium oxide CaO) is also bivalent 
and will combine with two atoms of hydrogen (CaH^) or chlorine (OaCl^). 
In oxygen compounds the additional valencies 6, 7 and 8 appear, the 
highest valency known being 8 : 

Na,0 CaO AlA CO, 

Sodium Cakiuin Alujiunium Carbon 

monoxide. oxido. oxuiA. riin«irlA. 


CaO 

A1.0, 

CO, 

Cakiuin 

Alujiunium 

Carbon 

exide. 

oxids. 

dioxide. 

so, 

CIA 

OsO* 

Sulphur 

ChtoriiM 

Osmium 

triexida. 

heptoxide. 

tetroxide. 


PgOj so, a,o, OsO* 

Phoephorus Sulphur Chtorino Osmium 

peoioxide. trioxide. heptoxide. tetroxide. 

Sulphur is 6>valent, chlorine is T-valent and osmium is 8»valent In 
their highest oxides. 

The valency of an element is often represented by a roman numeral : 
pv gn Qvii 

An element may have a variable valency either in its compounds with 
the tame element, or in its compounds with difftrent elements : 

1^(8) 80,(4) PH, (3) SH,(2) 

PClj (5) SO, (6) P,0, (5) SF, (6) 

Structural formulae.^ We may form a picture of the combination of 
atoms by assuming that each atom has one or more beads, shown by 
etraight lines drawn from the symbol of the atom, each bond represent- 
mg one valency : 


\ 


H- X -P^ 

H— H H— O— H ^ 

I H-C-H 


H— H H— O— H 


el«Lento.-The elements chlorine, eulphur and 
H-a H-S-H H-P~H 

i 
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(CBAT 


In the oxy 'acids of these elements the atoms show higher valencies. 
The formula of chloric add. for example, U written : 

H— O— 

in which chlorine ia 5* valent, and the formula of perchloric acid la : 

H— o— a=o 

in which chlorine is T-valent. A similar formula is assumed for potas* 
sium permanganate,* in which manganese, which is bivalent in simple 
compounds such as MnCls and MnSO^, is now 7 -valent : 

K— O— Mn=0 

The formulae of sulphur dioxide and trioxide may be written so as to 
make sulphur 4'Valent and $-va1ent. respectively, and sulphur may he 
supposed to have these valencies in axilphurous and sulphuric acids : 
H— Ov 

>S=0 

H-0/ H— O 

In phosphoric acid the phosphorus may bo regarded as S valent : 

Compare Cl-^P^O. 

CK 

Saturated and unsaturated compounds. — Since in methane CH| all 
the valencies of the carbon are uniUfd with hydrogen, chlorine can 
react only by turning out the hydrogen (as hydrochloric acid) and 
taking its place — a so-called substitution reaction (p. 607). Four com- 
pounds are produced ; 

CHj +Cl, - HCl +CH,C1 methyl chloride 
CHjCl+CJj-HCa +CH,a, methylene dichlorido 
CHjCI, + C1, - HCl + CHCl, chloroform 
CHClj +C4-HCI +CCI 4 carbon tetrachloride. 

a Cl 

I I I 

H— o-ci Cl— c— a 




H— 0\ 

H— 0-7p=0 
H— CK 


H 

I 


Cl 

I 


Cl— o-ci 


H 

In some 


H 


H H Cl 

cases Jm. or more vaUricies of an atom of an element can 

K+ and MaOi^. but the 


■ The salt actually coneiaU of two eepatate lone 
valency of Mn in the ion i» 7. 
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mute with a corresponding number of valencies of an atom of the same 
element : 


I. Ethane 


2. Ethylene 


3. Acetylene 


H H 

I I 

H— C— C— H 

I I 

H U 
H H 

I I 

C=C 

I I 

H H 

H— C^C-H 


single bond, or linkage, between 
carbon atoms. 


double bond, or linkage, between 
carbon atoms. 

triple bond, or linkage, between 
carbon atoms. 


Such bonds are often represented by doU HjC-CH,, H,C:CH, and 

HCjCHi 

Molecules of compounds with multiple bonds are mustunua. t.r. can 
add on other atoms to form saturated compounds which react only by 
substitution : '' 

HCiCH 

yalsnciss of radicals.-The idea of valency may be extended to 
^cals, Molecules such as 0,. H,0 and C0„ in which the valencies of 
the clemenu are balanced, are caUed wtunUd. RadicaU are parts of 
tttmud molecules ; they possess valency, and do not ordinarily occur 
m the free state. Water may be regarded as a compound of the hydro, 
gea aWm with the hydroxyl radical. H-OH, hence the radical OH is 
univalent. Sodium in sodium hydroxide, Na-OH, is also univalent. 

An inspection of the formulae of the common acids : 


•ulphuroui 

HiSO, 


catbeciic 


phoiphorjc 

H,PO. 


aitho eulpbunc 

HNO, l^SO. H,SO, H.CO, 

“• ^hovv-n below, each 

valency being denoted by a stroke * 


Ditrato 

-NO, 

Ufl) . 


ntiphtte 

=so, 

bi. 


suiphiee 

—SO, 

bi. 


carbonate 


pho^^te 
tar-^ 


radicals 


w I , - valent 
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I. UuT4]eat eleouDCs : hydrogen, halogens, alkali metals, copper in 
cxiprous compounds <CiiCl. Cu^O), silver, gold in AuCl and AU|0. 

n. Bivalent elemeats : oxygen, sulphur in H,S, and a largo number of 
mct«xls, e.g. alkaline-earth metals (Ca, Sr, Ba), magneaJxim, zinc, cadmium, 
mercury, tin In stannous com|>ounds (SnCl^.SnO). lead In plumbous com- 
pounds (PbC]„PbOl> iron in ferrous compounds (FeCla.FeO). manganese in 
manganous compounds (MnCh.MnO). chromium in chromox^ corapoxinds 
(CrCl„CrO).etc. 

III. Terralent elemsots : boron, nitrogen (NH,, NCI,), phosphorus 

(PHa. PC’la), arsenic (.‘UH,, AsCI„ AsiO,), antimony (SbH„S^l„Sb|Oal. 
bismuth {BiCI,,Bi,Oa). aluminium, iron in ferric compounds (FeCl„ Pe|0,)» 
chromium in chromic compoimds (CrCIa.Cr^Oa). gold in AuCl,. 

IV. Quadhvaleot elements : carbon, silicon, lead in plumbic eom]>ounds 
(PbCI„ PbO,|. tin in stannic compoxands (SnCI«,8nO,). 

V. QxuDquevslest elements : phoaphonxs (PCI^.PiO,). arsenic (As,0,). 
antimony (SbClc.Sb|0,). chlorine in chloric acid HCIO, and chlorates, 
iodine in I$0|, iodic acid HIO, and loxlates. 

VI. Sesvslent elements : sulphxir in SF«. SOj, H^SO, and sulphates; 
chromium in CrO, and chromates, manganese in monganates KiMnO,. 

VII. Septsvslsnt slements : chlorine in C1|0,, perchloric acid HC10« end 
perchlorates ; iodine in periodic acid HIO, and periodates ; manganese in 
Mn,Ot and i>crmanga nates KMnO,. 

VIII. Octovslent elements : osmium in Osl**, ond OsO». ruthenium in 

RuO*. 

The properties of an clement differ in the compounds in which it lioa 
different valencies. Silver and cuprous chlorides, AgCl and CuCl. are 
white insoluble solids ; cupric and mercuric chlorides. CuCL and HgClj, 
are soluble. Bivalent lead and tin comjwunds are similar, os are 
quadrivalent lead and tin compounds, but the compounds in different 
groups, e.g. BnCI, and SnCI*, are quite different in properties. 



CHAPTER IX 


AVOGADRO’S HYPOTHESIS AND MOLECULAR 

WEIGHTS 


The law of gaaeous volmnes. — The combining volumca of hydrogen 
end oxygen were found by Cavendish to be very nearly 2:1. Alexander 
von Humboldt and Joseph Louis Gay-Lussac in 1805 confirmed this 
mult. Gay-Lussac was impressed by the simple u'li ole-number ratio, 
and extended his researches to o^er chemical reactions between 
gases. In 1808 he announced the law ot gassvus roluaes : when gaecs 
take fart in chemical changes the volumes of the reacting gases, 
and than of the products if gaseous, art in the ratio of email whole 
numbers* 

The same conditions of temperature and pressure are assumed. 

1 volume of oxygen eombinee with 2 volumes of hydrogen to civ© 2 
volumes of steam. 

1 volumes of carbonic oxide combine with 1 volume of oxygen to give 2 
volumes of carbonic acid. 

2 volumse of nitrogen combine with I volume of oxygen to give 2 volumes 
of nitrous oxide. 

1 volume of nitrogen combines with 1 volume of oxygen to give 2 volumes 
of mtno oxide. 

1 volume of nitrogen combines with 2 volumea of oxygon to aive 2 
volumes of nitrogen dioxide. 

1 volume of nitrogen eombinee with 3 volumoe of hydrogen to give 2 
volumee of ammonia. 

I volume of chlorine eombinee with 1 volume of carbon monoxide to give 
1 volume of carbonyl chloride. ® 


lW)8bow^ that the law ie not quite exact. 
Buti and Edgar found the combining volumea of hvdroffcn and 

cSr "•'^288:1 ; Gray ftom 2 volum^|"yd“ 

fc 1-0079 volumes of hydrogen ; Guye^ and 

^ ^ volume of nitrogen combines with ^00172 
to sTp All thcee numbers ^fer 

duetto thA different from whoU numbere appear to be 

compressib.ht.es of the gasea. U. thf deviations 


"*«~bsUno«„com. 

iprouv«, P„ 
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Dalton seems to have assumed that the results of Gay-Lussac re- 
quired that equal volumes of elementary gases contain equal numbers 
of atoms and he bad previously rejected this assumption. In the first 
place, Dalton’s owix (inexact) measurements of combining volumes did 
not confirm Gay-Lussac's law : he found that 1*97 volumes of hydrogen 
combine with 1 volume of oxygen. In the second place, he pointed out 
that the density of a gas is not the same thing as the weight of its ulti- 
mate particle : steam is lighter than oxygen, whereas the ultimate 
particle of steam must be heavier than that of oxygen, since it contains 
the latter. 


Berzelius assumed that equal volumes of elementary gases contain 
equal numbers of atoms. Lei us see how this works out if we assume 
that the compound gas also contains the same number of particles 
in the same volume as the elementary gases. Let us represent the 
volumes by squares, which we may regard as sections of cubes contain- 
ing equal volumes of gases, Take the case of hydrogen and chlorine and 
represent a hydrogen atom by • and a chlorine atom by Q. 

We see from Fig. 60 that wc cannot make the volumes right, because 
to do this hydrogen chloride would have to contain only half as many 
particles as an equal volume of hydrogen or chlorine. Dalton pointed 


Pxo. 60.— Combination of hydrogen and chloriDO according to Benwliui. 



tvL 


t » 

X 




out this difficulty. It was overcome by the Italian scientist Amedeo 
Avogadro (1776-1866) in 1811. 

Avogadro’s hypothesis. — Avogadro began by assuming that i* 

Equal volumes of all gases and vapours, under the same conditions of 
Umperalurt and pressure, contain identical numbtrs of molecules. 

A molecule is the smallest mass of a substance capable of es:isting in the 
free state, 

Avogadro showed that it is necessary to assume that the particles of 
elementary gasea are not atoms but are divisible molecules. 

Let us assume that the molecules of hydrogen and chlorine each con- 
tain tico atoms and that they are divided when the gases react. Then 


• AvoL:..lro-. own word, .re : •• lo .wmbro dee inoWculee duu 
conqnee to«joi.« I. ....me * volume 

rnol3cul«a eont alow memr® quo eeux d« denai^ <!«• difteronw goi, a p 
«t iomp^fftture ^gales The morooir is in Freoch. 
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the volume relations will come out correctly, as we see from Fig. 61 , and 
the formula of hydrogen chloride is found to be HCI : 


•• 




•® OO 

• 

0 






0 

• 



00 


•0 

«o 

•• •• 


CO 


•0 

00 


''i na HCf 

1^. dl.^^Mnbiaatio& of hydrogeo sod ehloruia according to Avogadro. 


In ordinary symbols ; 

H,+CI,-2HC1. 

Suppose one volume of hydrogen containa 100 molecules ; it reacts 
with an equal volume of chlorine, which Avogadro's hypothesis shows 
must also contain 100 moleculeSi to form two volumes of hydrogen 
chloride, which must conUin 200 molecules. Each of these 200 molecules 
must contain at least one atom of hydrogen and one of chlorine, hence 
100 molecules of hydrogen and the 100 of chlorine must have been 
divided into two parte, which we can suppose are atoms. 

Another example is the formation of steam from hydrogen and 
oxygen, and the formula of steam is seen to be H^O : 



Fw. e2.“Corabinalicn of Hydrogvn ond Oxygen, 


^ese formuUe depend on Uje asaumptioii thet the molecules of 

Hydrogen, oxygen end chlorine conUin (u» etoma. This is the simplest 

Msumption which explsins the results, and we assume that it is the 
wrreet one. 

evidence, t.g. the value I .4 for the specific heat 

andh^^^*’' w® hydrogen, oxygen, nitrogen 

“ a£^! r r The number 

t atoms m a molecule of an element is called the stamkitv 

tight aS to 


TrUtoaie • 0 ’ *’ ^ ^ *■ *” ^ 

Hauomie : ^(1) As.. 

-tte absence of the types X. and X, i, noteworthy. 


104 


INORGANIC CHB^nSTRy [csai 

Maxwell defined « molecule of a as that ^mnll portion oj matUr 
v\ove» about as a uiAefe so that ito pQrU% if it hao any, do not pari cmapany 
during tht motion of figitation of the gas. The molecule of a substance may 
be different under different conditions. The molecule of iodine vapour at 
temperatures below 700’ consiste of two atoms. I,. At higher temperatures 
an increasing number of I, molecules decompose into atoms, I|s 2 I, 
and in this case the atom is identical with the molecule. In many solid 
salts, the crystal is a regular aggregate of electrically charged atoms or ions : 
in common salt, for example, the molecule KaCl Is not present as an 
individual, but only charg^ sodium and chlorine ions, Na*^ and Cl~, 
arranged in a cubical packing. In solution in water, common salt is 
present as* sodium and chlorine ions, not as NaCl molecules. In the 
vapour the molecules NaC’l are present. In liquid water there appear 
to be molecules more complex than H^O. which is present in steam, 
t.e. (H,0)n moleculee. The ileffnition of the molecule in any particular 
state follows from the determination of the* molecular weight and a par* 
ticular material may contain several kinds of moleculee, s.g. I| and I in 
iodine vapour. 

Molecular weight and density. — It follows from Avogadro^e hypo- 
thesis {and was stated by him) that tht utigkU of equal volumes of gases 
or vapours at the same temperature and pressure are in tht ratio of the 
moitcular u-eighls. 

The relatire density (p. 49) of a gas {or vapour] is the ratio : 

weight of a given volume of the gas or vapour 
weight of an equal volume of hydrogen 

at the same temperature and pressure. 

Avogadro'a hypothesis shows that the relative density la also equal to 
the ratio : 

weight of one molecule of the gas or vapour 
weight of one molecule of hydrogen ’ 

since equal volumes contain identical numbers of molecules. 

If the atomic weight of hydrogen is taken as 1 the molecular weight is 
2, sinoe it has been shoum that the hydrogen molecule contains 2 atoms ; 
hence the relative density of a gas is equal to : 

weight of one molecule (molecular weight) 

2 

60 that : molecular weight -relative density x 2. 

Actually, on the atomic weight standard oxygen *16, the atomic 
weight of hydrogen is 1*008 and its molecular weight is 2*010 instead 
of 2- 

Avogadro’s hypothesis shows that a gram molecular weight (or mol) 
of any gas at S.T.P. occu])ies the same volume. This is called the 
gram molecular T^ume, or molar toIusm. 
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Let M « molecular weight in grams of a gas, and D = normal density 
(weight of one litre at S.T.P.). Then : 

^ s Tol. of 1 mol in litres at S.T.P. s F*,, 


For oxygen the molecule has been shown to contain two atoms each 
of weight 16 ; /. J/s32. It is found that i>«> 1*420 gm./lit., hcncc 
Pfl,i«32/l*42da22*4 litres. ATOgadro's hypothesis shows that is 
the same for all gases, hence 

if-22'4D. 


The relative density is equal to the normal density divided by tlie 
normal density of hydrogen, vis. D/OOO, hence the normal density of a 
gas is the relative density multiplii^ by 0*00. Thus : 

molecular weight - (rel . dens, yt 0*00} x 22 *4 - rel dens, x 2*01 6. as before . 

Relative densities of gases were formerly referred to air- 1 as stan- 
dard. The relative density of air = 1*2027 -rO-08987 - 14*38. hence the 
relative density referred to air - 1 is converted to that referred to 
hydrogen - 1 by multiplication by 14*38. The molecular weight (0 • JO) 
is found by multiplying the density relative to air* 1 by 20*00. i.«. 
14*38 X 1*008 x2. 

lamitmg densities.— The ratio of the aonBal dnisitm of two gases docs 
not give an exact ratio of the molecular weights. For, even if equal 
volumes contain equal numbers of molecules at one particular pressure 
they would, on account of the different cotnpreasibiUties of the different 
gas«, not remain exactly equal at another pressure. The numbers of 
macules m these unequal volumes would, however, still be equal. 

•The wequal compressibilities of gases, which result from the devia- 
tions from Boyle's law, become less as the pressure decreases, and 
aiyear to vai^h at very smaU pressures. It may be assumed that the 
ratio of the densities at very low pressure, or the ratio of the limitiat 
(S* 18^ molecular weights 


of gM at 0* occupy v hires under a preeeure p atm., the quotient 
wjpv IS the deneuy per unu prtMtt. Boyle's Uw makee thU the same at 
smee pe = const. Owing to deviations from Boyle's law, the 
qw^mtdep«ds on the pressure. Ifp» 1. we have the normal density j if 
fn7S approaches the value for an ideal gas. which is the limit. 

5^gh^^^' ^ hunting deaiitiea is the ratio of the molecular 


: iUj = - — =- : , 

where p,u, U the limiting value of pt> as p-M) 

A the noimal density, is UVav,. where p,e. b the value of pp for p « 1 , 


.*. UaiitiDg density - nenul deo^ x 



(I) 
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The ratio PiVifp^v^ may be determined for any arbitrary mass of gas by two 
methods : 


(i) For gases wlilch deviate only slightly from Boyle's law between zero 
pre$suro and I atm., > pv)lpv, the relative deviation from Doyle's law, 
may be assumed proportional to the pressure : 

<p,r« - pv)ip xpv9 const, s A. (2) 

The compressibility coefficient A may be found from two measurements of 
po between 1 atm. an<l zero pressure. 

If 1 atm.spj, psV|, then : 

P»*'e-P»v, = Ap,v, 


from(l) 


. aonnal density 

UBJOAf dUSitT ^ 

J ♦ A 


0) 


(il) From several measurements ofpe a curve can be drawn in which pv 
is plotted against p. Extrapolation to p « 0 givee the value of and the 

limiting density is then found by multiplying the normal density by 

(PiVi/peL'e). 


Examp LH 1. — The atomic weight of hydrogen from the relative density. 

Konns] Density. CompraeeibUltyaA. 

Hydrogen • • 0*069873 - 0 00054 

Oxygen • 1*42900 -f 0*000964 

Limiting density of hydrogen* 0*089673 * • — , m^iTa gm./lit. 

1 — 0*0vUp4 

Limiting density of oxygen = 1*42900 * • 1*42762 gm./lit. 

1 ♦ O'UOOvoe 


The ratio of the limiting densities is equal to the ratio of the molecular 
(or In this case tl»e atomic) vrelghts. hence : 

atomic weight of hydrogen* ) * 0*089922 * 32/1*42762* 1*0078. 


ExAMPLB 2.— The atomic w*elght of chlorine fr<»m the density of hydro- 
gen chloride (Gray and Burt). 

Nomial density |>iV, 

Hydnjgen chloride 1*63915 54803 55213 (extrapolated). 

Limiting density of HCl * 1*03916 * 54803/55213* 1*62698. 

Molecular weight of HCI(H * J) » 2 x 1 •62698/0*089922 * 36* 188. 

At. weight of Cl (H*l) *36-180 - 1*36*186. 

By heating aluminium in 2 volumes of hy<lrogen chloride, moasiirod at 
S.T . P . , 1 *007 90 vol umee of h j*drogen were obtained . The molecular weight 
of HCl (H = 1) is therefore : 


lOOOIS 2 
0 089873 1*00790 


36*191. 


OCTcelng to about I part in 10.000 wth the x'alue from the limiting 
T I le met horl of I i miting deiisit ics gives results at least <w accurate a« i 
found by chemical methods, and in scrtno cases more accurate veluoa. 
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Thd vftlu« of the niol«r volvuna of an ideal gas ia givan by tbo limiting 
dexuity of oxygen as 32/1*4^7^2 = 22*415 litraa per mol. 


The microbalance. — Some very accurate determinations of molecular 
weights of gases have been made with the microbalancc, invented by 
Nemst, and used by R. W. Gray 
and Ramsay in 1910 for the deter* 
mination of the density of radium 
emanation (in which a balance with 
a sensibility of 1/500,000 reg.. 
dealing with a volume of 0*1 cu. 
mm.» weighing less than 0*001 mg., 
was used), It has since been improved and a modem form is shown 
diagrammatically in Fig. 63. 



FiQ. $3.— Microbal«nee (plan). 


The beam, suspension fibree and |>arte of the frame were of fused quarts, 
the bulbs and most of the frame (shown thickened 1 of Pyrex glass. The 
bent pointer was atUchod to the buoyancy bulb A an<l the reading micro- 
scope was end«on. The whole w*as encloeed in a glass cylinder containing 
the with a piste glass window at one end and a capillary connection 
to the pressure system. The adjustment in air was at rather less than I 

oscillation wm 10 tee. PreMure diflemnees 

of 0*005 mm, were indicated. 

The beam is balanced at zero when the gas density in the case exerte a 
buoyancy effect on the bulb which compensatea its net weight. The 
pr^uTM Pj and p„ at which two gasea have equal densitiee are moasiire<i- 
The balancing preasure ratio = f b extfapoUte<l to tlie limiting 
v^uo % forp,«p„a 0 , when : * 

Afc/Af| = V 

h« l>«n <»ed to determine the .tomic woight 
^ (Woodhoa,! and R. 

huo^^rj h7h fo*- ‘h« ihtinkage of the 

in by Chang* of gaa praasuie outaida. an<l for th« ahift 

m the centre of gravity of the bulb duo to thiaahrinkage. 

over the globe 

‘'«'*™i"*‘ion of gas densities : ( 1 ) it requires 

"ioraisw errors due to (a) 

IteWrofSbr’ of moisture on the 

he globe, and (d) adsorption of gas on the inside of the globe. 

"Const., or const. T, 
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V is the same for aU gases for the same values of p and T. This value of 
r^has been shown to be 22-4 litres when p * I atm. and T* »273 {i.e. 
0® C-). Hence the gu constant, which applies for all other values of p 
and T for 1 mol of gas and is denoted by R, is 

R * I X 22*4/273 *0*082 litre atmospheres/l^ C., 
and pysRr. 

R has the dimen.sions of energy divided by temperature, since (pres* 
sure X volume) has the dimensions of work. 

Calculations of volumes of gases. — Avogadro's hypothesis sliows that 
tlie molecular volume of gas at S.T.P. is 22*4 litres. In calculations 
of volumes of gases, the chemical equations must be uvitten so as to 
express reactions between moitcules of the gases, since only in tins case 
are the volume relations correctly given. 

For any arbitrary weight of gas, W gm., the number of mols is 
n* ir/J/. where if is the molecular weight. If the volume is V, the 
molar volume is V/n. Hence, in general : 

pK anRr for n mols of gas. 

It is imnortant to remember that pv •• RT. with the valve of R stated, 
applies only to one mol of gas. In general calculations pP « »RT must 
be used. E.g. to hnd the volume of 100 gm. of chlorine at 15^ and 
4104 mm. r T *273 4 15 - 288 ; p *4104/700 -0>34 atm. ; n- 100/71 
- 1*408 mols ; 

K - nR r/p - 1 *408 K 0*082 X 288/0*54 - 61 -G litres. 

Cannuzaro 's principle. — Avogadro did not clearly state that mole* 
cular weights must be referred to the atom, not the molecule, of hydro* 
gen as standard. Tlii.x step was taken in 1858 by Cannizzaro, who 
showed that Avogadro's hypothesis can be s^’stematically applied in 
the determination of atomic ««izbu. 

(1) From vapour density measurements the mofeouJar iveigkls of a 
number of volatile compounds of an element are found. 

(2) The analyses of these compounds give tlte weights of the element 
contained in the molecular weights of the compounds. 

(3) The smallest of these weights is taken as the atomic woiglit, it 
being assumed that at least one compound contains only one atom of 
the given element in its molecule. 

The atomic iceight of an element is ths smallest weight of the element 
contained in a molecular U'eight of any of ils compounds. 

This may be called Caanitaaro’s piwiple : it is not an independent 
definition of atomic weight, but is n consequence of Avogadro s 

hypothesis. . , . i «. 

* It must be emphasused that the deternjination of the relative density 
of ou** compound of an element, or of the element itself if it is volatile, 
can give no sure in<lication of the atomic weight. The molecule of 
the |>articular compound selected, and that of the vapour of the free 
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element^ may contain one. two. three, or any number of atoms of the 
element, for all we know to the contrary. In the case of mercury, the 
molecule in the vapour consists of one atom, and the molecule of phos* 
pborus vapour contains four atoms. The larger the number of com^ 
pounds investigated, the greater is the probability that at least one will 
contain only one atom of the element in a molecule. 


OzyOBK COUFOONDS. 


Gempound. 

Rel. Density 
(H-l) J 

Hoi. wt. 
-2 > J 

Wt. el oxygen in one 
mol. wt. of compound. 

Oxygen gas • 

• 16 

32 

16 k 2 

Water • 

• & 

16 

16 

Carbon monoxide 

• 14 

28 

16 

Carbon dioxide • 

. 22 

44 

J6k 2 

Sulphur dioxide • 

. 32 

64 

16k 2 

Sulphur irioxide • 

- 40 

60 

16k 3 

Nitrous oxide 

• 22 

44 

J6 

Nitric oxide • 

• J5 

SO 

16 


The smallest weight of oxygen conUined in a molecular weight of any 
of ^eae compounds is 16, and this is taken as the atomic >vcight. A 
molecule of water contains one atom of oxygen, weight 10, and there- 
lore 15-16-2 parts, or two atoms, of h)^irogen. Tlie formula of 
water is therefore Hfi. In this way, Dalton's problem of findinc the 
number of atoms of the elements in the molecule of a compound is 
easily solved. 


Compound, 

Msthsae • 
Ethane 
Ethyleno 
Alcohol 
Ether • 

Benzene 

Carbon monoxide 
Carbon dioxide 


Ca»bov Compounds. 
Rel. Density Hoi. wt. 

Wt. of carbon in one 


-2Kd 

mol. wt. of compound. 

8 

16 

12 

• 15 

30 

]2k2 

- 14 

26 

12 k 2 

• 23 

46 

12k 2 

• 37 

74 

12k4 

- 39 

76 

12k 6 

> 14 

28 

12 

• 22 

44 

12 


from thes* results is 12. In 
i» Q,X. ® ^ The formula of benssne 

sines 

»«ighto is i'T"'*. molssular 




In some cases an element does not form volatile compounds, so that 
Cannizzaro's method cannot be applied. Alternative methods must 
then be used» which are described in the next section. 

Confirmation of atomic weights. — The atomic weights derived from 
Cannizzaro's principle have b^n confirmed by Independent methods. 
These remove the possibility that the least weight of an element found 
in the molecular weights of aU the compounds examined may still be a 
multiple of the atomic weight, since it is improbable that all the in- 
dependent methods should agree with this particular multiple. These 
methwls will be considered in more detail later and a summary only is 
given here. 

1 . Molecular weights of substances In solution, found by osmotic pressure, 
freezing point, boiling point or vapour pressure metho<t9, usually agree with 
those found from vapour densities. In some cases, e.g. metsls in amalgams, 
the molecular weight is identical with the atomic weight. 

2. The ratio of the specific heats of a gas or va{iour at constant pressure 
and at constant voUune vis. c^/c,. according to (lie kinetic theory of 

gasw. has the value 1*607 when the molecule is monatomic. In 1870 Kiin<lt 
and Warburg found that e^/c, = 1 *667 for mercury vapour, hence the mole- 
cules of the latter consist of single atoms. The density of mercury vapour 
shows that the molecular weight is 200. This in the preeent case is equal to 
the atomic weight. If the atomic weight found by the vapour density 
method is shown in one case, vis. mercury, to be the real atomic weight and 
not a multiple, it may reasonably be assumed that in other casce also the 
mothof] given the real atomic weights. In (he case of many t/iolomk gases, 
the theoretical ratio 1-4 is found. 

3. Du long and Petit in 18 10 found that the atomic heat. i.s. the product of 
the atomic weight and the specific heat of a solid element, is approximately 
constant and equal to 6 8. Hence if the specific heat of a solid element is 
determ ine<J, and 6*3 is divided by this number, we obtain an approzi/nate 
value of the atomic weight. This does not give correct results with elements 
of small atomic weight. 

4. Mitscherlich in 1819 found that compounds having analogous formulae 
crystallise in the same form or are ioomorphotie. Thus the formulae of 
isomonihous compoun<ls can bo fcamd an<i hence, by analysis, the atomic 
weigh U of Uieir elements. In 8<ime cases a substance may crystallise in 
more than one form, and this must be kept in mind in using the method. 

6. The formulae of coni|>ounds which show similarities in chemical 
proiierties are usually similar. Oxides of iron, aluminium and chromium 
are given similar formulae, Ko,0*. Al|0, an<l C>»0». If the atomic weight 
of chromium is found, those of aluminium and iron can be determined. 
This method is the least trustworthy of all thc»se deecribed ; e.(j. boryllnim 
oxide was long thought to be lte,0. Instead of IteO on the basis of chemical 


analogies. x'vrrt 

6. The position of an clement in the periodic (able (Cliapter -\AiiJ 

gives an indication of iu aUunic weight. 

Diffusion of gases.— Hydrogen contained in an open invert^ jar 

rni^kily diffuses out and air enters ; tliis takes pUce in opposition to 

gravity since liydrogen, the Ughter gas. moves downwards and air. tlie 



DIFFUSION OF GASES 


in 




heaTier gad» mores upwards. Ddbereiner (1823) found that hydrcK 
gen conf^ed orer water in a cracked flask escaped into the surrounding 
aiTi the water rising in the neck of the flask. Graham (1831) showed 
that as the hydrogen escapes air enters the flask, and since the 
pressure inside is reduced hydrogen must diffuse out faster than air 
diffuses in. If the flask is covered with a bell* jar filled with liydrogen 
no change in the level of water occurs. 


The diffusion of gases may be illustrated by the apperatus shown In Fig. 
64. A porous clay pot such as is used in batteries is fitted by a rubber bung 
to a tube passing into a Woulfe’s bottle containing coloured water. Dipping 
into the coloured water is a glass tube draun out to a jet above. 

A large beaker of hydrogen k inverted over the pot, when hydrogen 
diflusee into the pot more rapidly than air out and the increase of 

pressure causee ^e water to issue from the jet in the form of a fountain. 



ft 



Fxo. 85. — Orehem'e 
apparatus. 


th« pot diffuM out into the air 

^ “ I"' **'• “ reduced. Coloured 

water thus nsee m the veHical tube attached to the pot. 

Graham 's law.-Graham'a apparatus for measuring the imtet of diffusion 

** «»« *'*'1 ft thin plug of 

«1 The ^ hydrogen over mercury (Fig. 

«). The mercury nee* in the tube, which is sunk so m to k4, the 
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gives the ratio of the times required for the diffusion of equal volumes. 
In this way Graham in 18^ found the following law of diffoaon : the 
rate of diffusion of a gas is inversely proportional to the square root of its 
density. 

Since the density i) at a fixed temperature and pressure is propor* 
tional to the molecular weight M, Graham's law shows that the velocity 
of diffusion of a gas is inversely proportional to the square root of its 
molecular weight. 


Example 1. — 100 ml. of hydrogen ere confined in a difiusion tube ex* 
po3e<l to air. Wlien change of volume ceaeea» what volume of air win liave 
entereil the tube! 

The volumes diffusing are in the inverse ratio of the square roots of the 
densities j 

volume of hydrogen V 1 >293 . 
volume of air 

vol. of airs 100 » » 20*4 ml. 

^/^293 



Example 2.— 16‘8 ml. of chlorine diffused in the same time as 100 ml. 
of hydrogen. Find the relative density of chlorine. 

Let relative density of chlorine. The volumes diffusing in equal 

times are in the inverse ratio of the square roots 
of the densities. Since the relative ciensity of 
hydrogen is l» 

100 Vx ^ 

16*8 Vl 
x«35*4. 

Effusion. — In effusion (also studied by 
Grahaml a gas is forced by pressure through a 
small hole in a metal plate exposed to the air. 
The relflfiw rates of effusion of different gases 
are in the inverse ratio of the square roots of the 
densities. By means of this law the molecular 
weights of different gases may be compared - 
The apparatus used is Bunsen’s effusiomrtar 


M 


piQ, 06.— 'Bunsen's eiTusto* 
meter {Ostwald). 


A glass cylinder with marks at ntj, mt is placed 
in a cylinder of water (Fig. 68.) At the top of 
the t>ibo is a stopcock comm.inirating with tl.e free air through a tube 
closed by a thin j.latinum plate, in which a hole lj^ beer. ^ “ 

fine needle. The tube is fillerl with gas to a level below rn. and the tap u 
or.enod. The gas streams out through the fine hole nn.l tl.e time 
f.,r the liqui.! surface to pass from », to m. i* taken by a 
ex,H.riment is repeate.! with a gas of known mole^lar weight, e.ff. 

If mercury is used, a float is fitted inside the tube, having a line marked 
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00 Its uppor end. Tiie time token for this mark to pass between two marks 
on ^e upper surface of the cylinder is noted 

If ore the times of effusion of equal volumes of two gases of 
densities Dj, and molecular weights Af | and in the same appara^ 
tos, tlien : 

<j >/^ jjfi 

Exaatplc. — If the times of equal effusion of pure oxygen and of a 
mixture of oxygen and ozone are 224 and 234 seconds. resi>ectively» find 
tlie percentage by volume of ozone in the mixture. 

Let D» relative density (O^ 16) of the mixture, and ar = percentage of 
osooe (O,). Then 


224 VlG 
234 ■ >/5 * 



D m 17*46. 


17*46. X 


16-26. 


Abuormal vapour densitias. — Acetic acid has the empirical formula 
(the umplest formula deduced from its percentage composition) CH.O 
Its vapour dcjisity at 250* and 760 mm. pressure is 29 (H - 1 ), hence 
^e molecular weight is 58. But C,H40*-60, hence under these con- 
djtions the vapour has this formula. At lower temperatures, at 760 
nun. pressure, the density is greater; at 125* it is 44*5, corresponding 
wi^ a molecular weight of 80, which approximatas to dH.O. *90. 

Pia 3 dau* and Wanklyn (18^) explained this apparent exccptioji to 
Avogodro a law by assuming that the vapour of acetic acid bclou' 250* 
u a mixture of molecules widi molecules, i.e. the sub. 

stance is »Modst«i. By rise of temperature, some of the associated 
t^lecuJes break up into normal molecules: (C.H 40 ,)t- 2 C.H^ 0 . 
^ oww ff the pressure is reduced at a consUnt temperature) - 

A ditterent behaviour is shown by ammonium chloride. The solid 

d^i.v 19 ?P“- NH.Cl.53-6. Bineau found Uie vapour 

deiuity 12.8, pving a molecular weight of 25-8, half the least possible 
^«reti^ value, and corresponding with the formula N,H,a,. This 
wd T* penuchloride, ammonium irbamate, 

® ^ question the validity of Avogadro’s law, but the 
Md independenUy by Cannizzaro in 1857, 

“ ^ substances dissociate 

heat—Mtecherlich in 1833 observed that antimony 
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differ from such reactions as the decomposition of potassium chlorate 
by heat, wlien the products do not recombine on cooling. 

J. H. Gladstone (1849) found that the pale yellow solid phosphorus 
pentabromlde partly dissociates when heated into the vapour of the tri- 
bromide (colourless) and free bromine (red) : PBrjeaPBra + Br^. The 
vapour is red, and in an o|>en flask bromine diffuses out and the denser 
PBr, remains. 

It was therefore reasonable to assume that ammonium chloride on 
lieating dis.sociate$ into ammonia and hydrogen chloride which recom- 
bine on cooling: NH 4 Ci^NH, + HC1. The density for complete de- 
composition is half the theoretical density, because the volume is 
doubled. Pebal (1862) confirmed this by separating the two gases 
from the vapour by diffusion . A mmonia is m uch Ugh ter than hydrogen 
chloride and diffuses moro rapidly (p. 112). 

Peba) used t)\e apparatus shown in Fig. 67. The tube D contained a plug 
of asbestos c, and above this was a piece of ammonium chloride d. The 
tube was enclosed in a wide test-tube, contained in a Jacket heated in a 



Fio. gT.^PebsI'a experiment on the diseKietioo of ammonium 

chloride. 

charcoal furnace. Hydrogen was passed in through the tubes a, on both 
sides of the plug, and escaped through tubes to A and B, containing piecea 
of blue and red litmus paper, respect I vely. The red litmus turnod bl^uo, 
because ammonia escaped more rapidly through the asbeetos plug than 
hydrogen chloride ; the excess of the latter was swept out tlirough the 
other tube, and turned the litmus red. 
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Devil Id objeetecl tliat tlie vepour might have 1>een decomposod by the 
asbestos plug. Than (1864), replaced Che abeatoe by a plug of solid am* 
moniuro chloride (Fig. 68) and obtained the same result. 

Marignac (1868) allowed tiiat the absorption of licat required to 
Toldtiliie ammonium chloride is practically equal to the heat evolved 
when the gases ammonia and hydrogen chloride combine to form solid 
ammonium chloride, and hence the compound must decompose into 

the two gases on volatilisation. 

Some ammonium chloride is put 
into a glass tube through which 
passes a porous clay tobaeco*pij>e 
stem (Pig. 68). On heating, the 
ammonium chloride disfiociatOK into 
ammonia and hydrogen chloride 
gases. The ammonia diffusos more 
rapUlly through the porous tube, 
leaving in the glass tube an excess 
of hydrogen chloride, which re<i<len8 
a piece of blue litmtis |>aper. By 
passing a slow current of air tlirough tlie clay tube, the gas containing 
excess of ammonia is directed on a piece of moist red litmus paper, which 
becomes blue. 

In dissociation, a state of ebsiucal sqoilibrhuD is established, in which 
w dissociating substance and the products of dissociation exist together. 
The extent of dissociation increases with rise of temperature, as is soon, 
for example, in the progressive darkening in colour of the vapour of 



Fio. 68.— Than’* experiment on the 
diMooistien of ammeruun chloride. 



Pio. 69.— Diaoeiatioo of Ammoniuio Odoride. 


bromine 

pourproouced. 2 HIseH, + I,. In this case the products of dissocU* 
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tioii do not recombine completely on cooling, solid iodine separating, but 
the reaction is reversible in presence of a catalyst (p. 142). 

Both PClt and PCI9 are colourless in the form of vapour ; CIt U greenish- 
yellow. Tlie vapour of PCh shows a greenish 'yellow colour, which becomes 
deeper os the temperature increases. At the same time the density (reduced 
to 2S.T.P.) decreases. 

Determination of dissociation from vapour density. — The degree cf 
dissceiadon a, i.e. the fraction of the total number of molecules disso* 
elated, can be deduced from the vapour density, except where there is 
no cliange of volume on dissociation, e.ff. HI + Ij- 

In the dissociation of substances such as phosphorus pentachloride, 
when a change of volume occurs : 

PCIjf^PCIj+Cl, 

1 vol. 2 vols. 

let each molecule of the initial substance give x molecules on dissociation. 
Then JV molecules of substance give : 
iV(l -ce) molecules of original substance, 

molecules of the pr^ucts of dissociation. 

The number of molecules before dissociation U N ; that after dis- 
sociation is A'(l -«) +A'x»-^(I +«(x- 1)). and by Avogadro's law : 


Volunte after dissociation ATI *cc(z - 1)1 ^ ^ + a(;r - 1) 
Volume before dissociation A^ 

The densities are in the inverse ratio of the volumes. Let J be the 
vapour density corresponding with the undissociated substance, and 
/> the observed vapour density, then : 


•• “‘Dlx-I) 

The vanour density corresponding with complete dissociation 


> 1 ) 

j vapour uciiwiijf ...%•• — .. . , / 

is In the case of phosphorus pentachloride, x*2, hence r 

and d-M, Le. on complete dissociation the vapour 
density has half the normal value. 

Th« vapour densities may be in any units. «.ff, gm./lit., or relative to 
H a 1. or air* I, etc,, In the following table of vaj>our densities of ph«- 
phoniH penUchlorUle at I atm. pressure (Cahours. 1847 1 the density D is 
relative to oxygen taken as 16. so that tD » M -- api»arcnt molKular we.g^ 
At 200^ and 1 atm. pressure, the vs|K)ur density of phosjihoriis 
pentachloride is 70*03 (O = 1 6). The density " 

L <l«sociation is IPO* = 103 35. Thus. J » 103 36, D = .0-03. x-2. 

103 35 - 70 03 Out of ©very 


and 


rs 0-476. 

• 7U03 

dissociated into PCI , + Cl 

e* . 182 1£N) 200 230 250 

n . 7336 72 06 7003 69 21 37*77 

. . 0409 0'434 0-47C 0*493 0*788 


1000 molecules of 476 arc 


274 
33*40 
0 864 


2H8 300 

5301 62*71 

0950 0901 
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A molecular Uieor; of disocutioD was given by Pfaundler tn 1$07. Jn a 
molecule such aa HI the atoms are vibrating, tbs energy and hence the 
amplitude of vibration increasing with rise of temperature. The tempera* 
ture depends (p. 120 ) on the kinetic energy of translation of the molecules, 
but this is partly transformed by collisions into vibrational energy. Wlien 
the amplitude of vibratiMi exceeds a limiting value, the atoms part com* 
pany and dissociation occun. The reason why all the molecules do not 
dissociate suddenly and completely at a particular temperattire. is tliat a 
gas at a certain temperature contains moleculea with all possible kinetic 
energies, the avtragt kinetic energy corresponding with the temperature 
of the gas. Those moleciJee with eoergiea higher than Uie average tend to 
dissociate, and since the fraction of these molecules with high energies 
increases with rise in temperature, according to Maxaeirs distribution law 
(p. 119), the extent of dissociation increases with rise in temperature. The 
products of dissociation are at the same tirne recombining, and at a fixed 
temperature a state of equilibrium is reached, when as many molecules are 
decomposed as are formed in a given interval of time. 



CHAPTER X 


THE KINETIC THEORY OF GASES 

The kinetic tkeory of gases. — Dalton in ISO 1 filled two bottles (Fig. 
70), one with hydrogen and the other with carbon dioxide, and con- 
nected them by a long vertical glass tube, the light 
gas being above. After several hours the gases 
were uniformly mixed. This spontaneous mixing 
of gases in opposition to gravity is called diffusion, 
and is due Xo tlie mciion of tht moUcule^ of the 
gases amongst each other. 

Hirnilar motion.^ occur in liquids, but even more 
slowly. If a tall cylinder is filled with water, and 
a layer of copper sulphate crystals placed at the 
bottom (Pig. 71), a layer of blue solution is formed, 
js* If the jar is set asUie in a room of uniform tem* 

fj persture, to avoid convection currents, the blue 

n colour slowly rises through the jar until, after 

^ several months, the colour of the liquid is uniform. 


Fio. 70.— Daltcn*8 

experuuent on gABscus 
dinuAioa. 


We assume that the molecules of liquids and 
gases are In ceaseless motion, in much the same 
way as a swarm of gnats on a summer evening. This is called the 

Idaitic theory (Greek i^inesrs, motion). 

From the slowness of diffusive motion it might seem tliat the molecu- 
lar velocities must be small. This is not correct ; the molecules m 
air, for example, move with speeds of the order 
of a quarter of a mile per second. In the same 
way the gnats in a swarm move about witli con- 
siderable speeds, although the swarm itself is nearly 
stationary. 

The cause of gaseous pressure.— Joule In ltM5 found 
that if a gas expands from one vessel into a second 
exhausted cof>pcr veasel. so that it docs no external 
work it does not become appreciably wanned or 
cooled He concluded that no appreciable work is 
done bv, or against, forces of repubion or attraction 
bewcen the molecules, and hence that the molecules of 
gases exert practically no forces on one another 

The pressure exerted by a gas over the wa^ of a 

fore be caused by molecular bombardment- On all parts of the surface 

’ IIS 



Fio. 71. — Liquid 
diffusion. 
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there is ft ceftseless bftil of eUstic molecules, which By off again into the 
gfts. Without going into detail one can see that this molecular bom* 
bardment, distributed over the surface » must appear as a uniform 
pressure. 


The molecules strike the wall at all angles* from a full norma] blow 
to a glancing impact, and it is only the velocity component ]>er* 
pendi^ar or normal to the surface which is effective in producing 
pressure. 

In the gas itself the molecules exert practically no forces one upon 
another, and move in straight lines until they encounter Die walls, or 
one molecule collides with another. The molecular collisions occupy 
but a small fraction of the time in which the molecule is moving, be* 
cause the particles are sparsely distributed* except in highly compressed 
gases. 


One ml. of water gives 1240 ml. of vapour at 100* and 700 mm. pressure, 
so tliat less th«n one.thouaandth of the space of the vapour is occupiecl by 
the molecule#. In air at 0 001 nun. pressure* the molecules occupy only 
about I part in £80 millions of the total space. 


/I Ja® possible velocities, but Clerk Nfaxwell 

(1S59) showed that most of the molecules in a gas at a given tern* 
perature have velocities wluch differ only slightly from a mtan or 
atvre^s oefocify 1. The ordinates of the curve in iig. 72 represent the 
lotions of the molecules which have velocities represented by the 
abseusae as multiples of the most prphabU viheUy, 0-8S6 f. If we 
follow any molecule along Its sigsag path, we shall find that they nearly 
aU have velocities very near Die average velocity c. The c<mtponent 
velocities fluctuate repeatedly os the molecules undergo collisions but 

the velocity along the path of lOi 

motion is nearly uniform. 

The curve in Fig. 72 represents 
what is called MaxwtU'$ distribn- 
lew. 

Calculadon of the pressure of a 
a mass 3f of gas be con- 
tamed in a cube of side L, and let 
c be tbe velocity of the molecules* 
turned provisionally to be the 
same for aU. Let there be 2^ par- 
tides in a unit cube, or in Fta m 
‘ h*PV«n cube, We may suppose 

t^ftt on t^ avwags one-third of the particles* i.t. a number JVLa/3 -n. 

‘f perpendicular to each pair of faces 

is ^ ‘’y particiron any one fa» 

«.a/^ Tb» 2L between each Jpact ™?th 

““"“i o" ‘Se face is 

J u The momentum of the molecule at maso 

«. before rmpact .s me ; after impact it I. -me. hen« toe iu^e*^ 
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momeiitum is 2mc. The change of niomentum per second is the 

force exerted on the face. The prtssurt, or force per unit area, due to 

all the particles is, therefore, {NcL^fi) x (2mc)^L*, where L* is the area 

of the face. Thus : .... 

p*4»i*Vc*. 

But m*V * M jL^ » J// 7 — — density of the gas, t hcrcforc : 


p»JZ)c* or pV 


( 1 ) 


If groups of A'), A\, ... molecules move with <Ufler«nt velocities C|, 

Cl. C), ... . the above calculation applies to each group separately, and by 
summation : 

p « + AVf* + AW + 

If a mean equare i'e/ocr7y c* is taken such that : 

A*?* .V,c,* + AW + A’W + •» 

where N a + A^ i + N| + . . . , i^. c* » ^AVi */^A^ j» ^hen : 

Of (la) 

The mean or avtraqe velocity c is related to the root moan square velocity 
by the formxila : 


Vow 


.(2} 


If fl is the average co m p onent velocity normal to the wall of the vessel, 
half the Jooleculee may be sup|Kieed to be moving towsrtls the wall with this 
velocity and half away from it. Hence the number of molecules striking 
1 cm* of wall per sec. is helf the number in a cylinder of height u, viz. 
JA'fl, and the moss of gas striking 1 cm.* jw see. is JmA'fl = J/>6. 

Deduction of the gas laws.— The average kuetic energy of trsaslitioa of ft 
molecule is Jm3, hence equation (I) or <)a) shows that : fA« product of 
the pressure and volume oj a gas i$ etfual to itrodkirde of the hnettc ener^ 
of tranehtion of (he moUeuUe. The kinetic energy of translatjon w the 
energy the molecules possess in virtue of their motion in straight hnes ; 
only this |>art of the energy makes any contribution to the pressure. 
Energy due to rotation of the molecules, or the relative motions ol iiicir 

parts. Is without influence. , 

If it is assumed that the abeolute temperature of the gas te proporUoml 
to the average traiuUxtionai kinetic energy of the moleetdes, equation {\}ot 
(la) shows that, when the temperature U 

jiroportional to tfic density or inversely proportional to the volumt. 
This is Beyle’s Uw. 

Sinca the absolute temperature T is assumed to be proportional 
to the average translational kinetic energy of the molecules, i.e. to 
it follows from (la) that at consUnt volume (AT -const.) ; 

p m const. X Ty 


which is equivalent to Chsilw’* Law- 
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If equal volumes of two gases at the same temperature and pressure 
contain and molecules of masses Wj and mj, respectively : 

p^iNifniCi^ « {pressures equal) 

and (temperatures equal), 

hence 

which is Avocadre’s hjpothtsu. 

For two gases of the same temperature : 

/. Cj/c, • , - J , 

or the molecular velocities arc inversely proi>ortional to the squaro 
roots of the molecular weights or densities. Since the velocity of 
diffusion may be aaaumcd to be proportional to the molecular velocity, 
this is equivalent to OnaAm's to« of diffesioii (p. 111). The diffuHiun rate 
however, involves the mean free path (p, 123) as weU as the molecular 
velocity and the quantitative relation is rather complicated. 

Molecular kinetic energy.— In equation (lo) put V -22-415 litres, 
then at S.T.P. M -M, the gram*molecule (mol) of the gas and *Y-N, 
the number of molecules in a gram 'molecule. N is called Avogsdro’e 
oiimbM. Avogadro'a hypotb^s shows that N is the same for all 
gases. We see that the finaffr entrgy of transiciion of the ptoUcules is : 

jM?-}pr«iRr (3) 

It is the satqe for a mol of any gaa at a given temperature. We can 
now calculate this energy. 

At the melting point of ice. 22-415 Utres^ 22-415 » 1000 028 cm.* 
P«7eo mm.-7C » 13-595 * 950 0* 1.013.225 dyne* per cm.« ; 

ipl' » 22 -415 X 1000 028 X 1013225 x | s3.407 « 10^ ergs. 

Thus, the molecular kinetic energy of a mol of any gas at 0*. due to the 
tmnslatory motion of ite molecules, is large tt\ough to raise a weight of 
about a ton through one foot. ” 

The gas constant is : 


B=pl'/T = |x3-407x IO**/279-09; 
E a 8-3 17 X I0»eiga/l»C. j 
or E= 8-817 X 10V4- 184 X lO* 
= 1-988 g. c4l./l*C. 


Mol«ul»r «loti^,_From the value of the molecular trandational 
kjnetic energy JMc* which is the same for all eases and eoual fverv 
approximately) to 34 x 10» ergs at 0-. we can calculate ?^e mX 


^-(lBCc«)x2/M. 
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Thus, for oxygen, M *32 ; ? *34 x 10» x 2/32 ; the root meu 

square TBlociC 7 •«'V at 0® C. *46,000 cm. per sec., or 460 m. per aec- The 

aver^ velocity c is 0*921 from equation <2), i.t. 425 m. per sec. In 
the case of liydrogen, the average velocity at 0® is 1694 m. per sec. 


AvERAoe MoLECt'uut VELocmas at 0® m Metres per Second 
(Velocities of sound in the gssas sxs gix*en in brackets.) 
Hydrogen, 1C94 (1286). Oxygen, 426 (317). 

Heliiim. 1208. Carbon dioxide, 382 (267). 

Steam, 665 (401). (Thlorine. 288 (206). 

Nitrogen. 466 (337). Mercury %*apoiir, 170. 


The velocity of steam moleculee (M* IS) U greater than that of oxygen 
moleoulea (M = 32) ; the velocities for hydrogen and helium are large com* 
p>ire<l with those of the other gases. A velocity of 1700 m. per aec. ia 5600 
ft. per aec., or more than a mile per aec., i.e. of the order of the velocity of a 
ride bullet. Owing to these high apeeda the kinetic energies of the moloculea 
are high, ami the pressure due to the molecular shower is explained. It ia 
also seen that the molecular velocities are of the same order aa. but graator 
than, the volocitiss of soqjmI w in tixe gases. The ^nnulae p=^De^ and 

us (p. 127). where y ®c,/Cr» fO''® u* ••'Jyls/c* ). 

The product pV for a given xnaasof gas is proportional to the absolute 
temperature : pT-RT. But pV is proportional to the translational 
kinetic energy* of the gas molecules, hence the latter is also proportional 
to the absolute temperature. Since at constant volume the pressure 
increases by 1/273 of its value at 0® C. for I® rise in temperature, the 
translational kinetic energy of the molecules must increase by the same 
fraction of its value atO® C. In this way we can calculate the molecular 
velocities at any temperature from their values at 0® C. given in the 
table. 

For hy<lrogen molecules at 1000® C. : kinetic energy at 1 000® * ( 1273/273) 
* kinetic energy at 0® C. But the average velocity is proportional to 

•/(kinetic energy) i 

velocity at 1000® : velocity at 0®* >/l273 : >/273 ; 


velocity at 1000® = 1694 < 


1273 


273 


3 1694 X 2*16 m. per sec. 


The rate of increase of velocity with temperature is not very rapid ; the 
velocity is rloublwl by a rise of 1000®. 


For a uram-mcleciilc. pr-^T. The kinetic energy of translation 
of the n.oleculoa is IVT^^ipV The value of R in al.soluto un^a 

is H-317 X 10’ ergs rer 1*. hence the translational kinetic energy at i 
abLlute i^’ X « 317 x 10’ T orgs = 12-476 x 1(,’ T ergs. In g. cal. it is 
^ V I’UHS T = *’*9d2 T g. cal., or about 3 T g. cal- 
' -As molecular diamLr.-In spite of the high values uf the 
velocities tho tiiffusiem of one gas into another takes place sloaly. 
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The experiment on p. 64 shows that bromine va|>our diffuses very 
slowly, althougli at 17* the velocity of the bromine molecules must be : 

1700 X 7(290/273) X 7(1/80) = 196 metres per sec., 

where 1700 a. per sec, is the velocity of hydrogen molecules, and the 
velocities are in the inverse ratio of the square roots of the molecular 
weights (2 and 160). The rate of bulk motion of bromine vapour is 
only about one hundred thousandth of the molecular velocity. 

The reason is that the molecules of bromine do not move all the time 
in straight lines ; they collide with one another and with the air molC' 
cules, and very many must be deflected back again. The molecules dc» 
scribe aigzag paths, and only after making a great number of collisions 
does a molecule get appreciably forward. 

This effect is due to the finite siae of the molecules ; if they were more 
points, they would not offer any obstacles to the motion of other mole* 
cules. From the rate of diffusion the dismeten of moleculw may be 
calculated : the diameter of the oxygen rnoleculc, assumed spherical, is 
about 3 X I0“*cm. -3A. (A -Angstrom unitw 10“* cm.). 

Platinum wires can be drawn to 10'* cm. in diameter ; ordinary gold* 
leaf is cm. thick : the black parte of eoap'fllms are 3 « 10*’ cm. thick, 
and oiUfilms on water are only 10** cm. thick, or less. 

The distance of the nearest fixed star is reckoned in light*years. 1 light* 
year being the distance travervsd by light (3 * lO** cm. /sec.) In a year, or 
10^ cm. It is incorrect to regard tlie minutenese of molecules as a counter* 
pert of the vast intentellar distances. The molecules are small, it is tni^* 
too small to be visible (when their presence would be confusing), but their 
refinement has not been overdone. 


mean free path. — The average distance traversed by a gas 
i^lecule before collision with another is called iU mean free path, L. 
This can bc^lculatcd from the vtacoaify t), of the gas, by the formula : 
L- l‘26^/7pD. Since the density 2) is proportional to the pressure p, 
the mean fr« path is inversely propcutional to the pressure (ij is In- 
dependent of p). It is greater the lower the pressure, because the mole- 
cules are then less crowded together. Prom the mean free path the 
molwuUr diaoiiter d is calculated by MaxwelPs formula 


1 


JinNtP ’ 


►( 4 ) 


where N - number of molecules per ml. {LosekmidVi nvmbtr.) 

In oxygen at S.T-P., L U very nearly lO-* cm. ; it is double this in 
low pressures, t.g. in the space between the walls of a 
^emos flask, the JHe path is several cm., and a molecule rebounds 
irom the ppposiw walls many times without encountering another. 

colhs^ frequency.— During one second a molecule de* 
^ ^ oolMons. and the sum of the 

of "““bor of collisions 

^oxiiP/iu - 425 <cl 0 *. At very low pressures the mean free path 
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is 1 cm., but even then there will be 10*» or 100,000 collisions per 
second. 

If there are A’ molecules per cm.^ the number of collisions of aU the 
molecules per cm.^ per sec. (the collision fiequency) is JA’c/L * -Jr A 

v2 

(Tile factor \ is inserted because in taking all the N molecules each 
collision is counted twice, each molecule ^ing counted as making a 
collision with another and as being struck by the second one.) 

Since from equation (3) : 
and from equation (2) : 

it folio w's that : 

(5) 

w'here R«8*3 x 10^ erg./l*. Hence the total number of molecular col- 
lisions per cm.’ per sec. is 

2i-2A*J»VeET/M (•) 


For two different kincls of molecules the number of collisions |>er cm.’ ]>er 
sec. is given by 

z., = - 2 K,N. ■ '‘’I 

where are the ciismetsfs, Aj and At the numbers per cm.*, Ct the 

average velocities at the given temperature, and U) arxl the molecular 
weights. 

TaBLB or MOLBCt*LAR Maukitvoes 


Number of molecules per ml. of gas at 8.T.P. s A = 2 09 k 10'*. 

Number of molecules per gram-molecule (22 4 1 5 litres in ideal stole at 
S.T.P.)*N = 0'03^ 10**. 

Mass of hydrogen atom * 169 ' 10"** gm. 

Average velocity of hydrogen molecule at O^s 1093 m./sec. 
Translational kinetic energy of a molecule at 0^ » 5-66 k 10“** erg. 

Rate of cluinge of translational kinetic energy |>er 1* = 2'066 10“'* erg/ 


degree. 

Diameter of hydrogen molecule* 2*4 « 10"* cm. 

Mesn free i«th of hydrogen molecules at S.T.P. = 1-22 * 10’* cm. 
Average distance apart of gas molecules at S.T.P. ^ 3 * 10“' cm- 
Number of collisions per second of oxygen molecules per cm.* at S.T.P 


0‘85 X 10»*. 

Time of describing free path of oxygen njolccules at 


»2 3x 10“'* 


sec. 

Shapes of molecules.— The molecular diameter is calculated in 
wav», e-c. from the viscosity of the gee. It is usually assi.metl that the 
molecule is spherical, and allhougl. th» is roughly correct for diatomifl 
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molecules it does not hold for rod-eheped molecules, such as csrboii dioxide 
and nitrous oxide, for which a single " diameter can h&ve little meaning. 
Attempts have been made to determine tlM flisUnccs hot ween the atomic 
centres in such molecules, and tlieee give a better pieiiiro of the slispe of 
the molecule than a fictitious diameter. 

The foUo«*ing table contains the values of molecular diameters In A. 
{10~* cm.) on the assumption of spherical mobcules, as calculated from the 
viscosities. 


He 

1 18 

H, 

2*72 

N,0 

4*60 

Ne 

2*60 

0, 

3*62 

NO 

3*76 

A 

3*66 

N, 

3*78 

H,0 

4*66 

Kr 

4*16 

CO 

3*78 

Cl, 

5*40 

Xe 

4*02 

CO, 

4*66 

H,S 

4 64 


The distances between the lines in band spectra depen<l on the motnents 
of inertia of the molecules, hence the distancee betw’eeit tlio atoms may ho 
calculated from them. In this and other ways it is found (Imt in the gaseous 
and eoHd states the CO, and N,0 molecules aro ro<l.flha|>eti. The HgO 
molecule is a triangle with 0 at tlie apex ; the NH, molecule is a flat tetra* 
hedrcn with N at one apex and H at each of (he other three. Met hone 
CH, is a regular tetrahedron with tl>e carbon atom inside. 


Avogadro'8 number.— Important constants m the kinetic theory arc : 
N -the number of molecules per ml. at S.T.P., and N .22415 x.V« 
the auttber of ooUcules ia a gran-iaelecuk. uiiich Is flic same for all gases 
and is called Areisdro’s number. The value of N has boon determined 
by several methods, with an accuracy of about 1 jier cent. 

Determinations of N have been made from exporimenu in radio* 
activity, from experiments on colloidal 
solutions (p, 2.57), on the electronic 
^ba^ (p. 226), on the spectrum, the 
radiation of heat, the formation of 
^uds, and the blue colour of the sky. 

The numbers obtained are in excellent 
agreement, and point to the real exist* 

^ Avogadro’s number is probably 
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CIsasieal kinetic theory 
Cloud formation 
Brownian movement 
Radiant heat . 
Counting «.particl« 
Electronic charge . 


Valubs of Avooapro's Nvubek. S 


•*6 * J0« (approximately} 

• $*3 K 10** 

• 6 00 » 10** 

• 603x10*’ 

6*05-6*14 X 10*’ 

• 6*03 X 10”. 


(I) The element radium emits at<m of helium called a-rsvs. w*ith sneeda 

wl«) and large kinetic energy. Wlien «.ra>'e from a particle of A 

on » Mreen of sincblende B in the of Cmokes (Fig 

76) each a-parUcle causes a flash of li^t visible under a lens C It 
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In a monaicmic gas the heftt ftbsorbed increases only the kinetic energy 
of translation of the molecules, and for 1^ rise of temperature this will 
be {p. 122) : 




2*9S2 g. cal. 


Hence C,«2*9S2 g. cal.» -4*970 g. cal., hence fora mon- 

atomic gas 

-y - 4'070/2‘982 » 1 *667. 

If the gas molecule contains more than one atom, part of the heat 
suppbed at constant volume is used up in increasing the kinetic energy 
of rotation of the molecule ; In addition, the energy of vibration of the 
atoms may be increased if the molecule is not rigid. If this total extra 
energy per 1* rise of temperature ia denoted by E : 

iR + R-hS iB + E 
?B + 




< I •667. 


IR 

The value of C^/C, for a gas, the molecules of which contain more than 
one atom, ia less than 1*667, as the table below shows. 


Gss. 

For* 

mule. 

etiS* 

Oes. 

For. 

mule. 

c^/c, 

aris' 

Holiiun • • 

. He 

1*667 

Carbon dioxide 

• CO, 

1*902 

Oxygen • 

• 0, 

1 996 

Nitrous oxide 

• N,0 

1*900 

Nitrogen 

• N* 

1*405 

Ammonia 

. NH, 

1*910 

Air . . 4N, 

+ 0, 

1*409 

Sulphur dioxide 

* SO. 

1*265 

Hydrogen 

• H, 

1*411 

Hydrogen sulphide* H^S 

1*340 

Ctf bon monoxide 

• CO 

1*404 

Methane 

* CH, 

1*310 

Hydrogen chloride 

. HCI 

1 400 

Ethylene 

- C,H, 

1*250 

Chlorine 

• Cl, 

1*955 

Steam • 

- H,0 

1*900(100”) 


Evto gSMs containing the same number of atoms in the molecule 
(0», Cl, { SOi, H,S) have different valuea of y j the lower vahioe indieate 
additional rotations or vibratiMtt in the molecules. 

^ vapour by Kundt and Warbufff 

(ie76) and thus the monatomic character of the mercurj* molecule was 
confirmed. The method was used by Ramsay to show that argon and 
other inert gases are mwiatomic. 

fj?*. y “ "»^'y d»‘«niined by method, depanding on the 

formula for the ttlocity of wuad : i' wie 

tt* •/^?5a= •/yffr/Af for an ideal gas, 
or depending on the formula for adisbatk axpsasion j 

r 

pt>' = con,t,. orp3«~' = eon*t. 

rmXmif* «««• give value, for the moments ofinertie 

ab^t w "* ®a>«y of hydrogen fell, off. end at 

aoout - 230" C. becomes zero. The molecular heat is then f" - 9 qb« .u 

-aeaethatforamonolcmicgae. Thi, ie explaiJby^b^^o'tbrt^: 



12S 


INORGANIC CHEMISTRY 


[caAP 


the energy of rotation <and also of vibration of the atomSt if this form of 
energj' is pref«nt) follows (he quantum theory (p, 346), and <iocreaaea with 
temperature more rapidly at low temperatures than the value the 

elassical expression for (Im energy of each degree of fr«e<lom of rotation, or 
RT for each vibration. The rotational efiect is measurable only with 
hydrogen an<l deuterium, but a <iecreaae is found for tlie vibrational 
etiergy of other gases. 


Molecular attractioo. — It has eo far been assumed that the forces 
everted by gas molecules on one another are negligibly small. This is 
only approximately true. Oases are usually more compressible than the 
ideal gas obeying Boyles' law*, and this may be explained by assuming 
that the molecules attract one another, the attraction becoming greater 
the closer the molecules come together. Wlien the gas is liquehed tlie 
molecular attraction is suflicient to prevent the simntaneous separation 
of the molecules in an open vessel. A liquid is ntuch less com])ressiblc 
than a gas, and the comprcx.<ibi]ity of a gas falls olT consj<]erably at lugh 
pressures. This effect U assumed to be due to the space x occupied by 
the molecules, and if this is com|>arable w ith the total space i\ only the 
intermolecular space (r -r) is available for compression. 

These two factors are taken into account by the equatioa of mder Waals, 
which replaces the idea) gas ctpiation jfv «RT by : 



RT, 


w here a and 6 are constants. The term o/v* Is the molecular attraction 
correction, which is inversely proportional to the square of the volume 
and acids it«elf to the c.xtemal pressure /* ; 6 U the correction for the 
space occuiiied by the molecules. According to van tier Waals. b is 
ecjual to four times the total volume actually occupied by the molecules, 
but it apiwars to be 4^2 times the latter. This equation gives good 
results with some gases {t^. etliylene). but the attraction term depends 
on the temperature. 

Liquefaction of gases.— Ammonia gas was liquefied by compression 
by Van Mnrum, and m 17119 by cooling, by Guyton de Morveau. Sul- 
phur dioxide w'aa liquefied 
bv cooling by Mongo and 
(iouet. in 1806 chlorine tvas 
lj<|uefied by compression by 
Northman'. In 1823 liquid 
chlorine w'os again obtained 
thhritit ijy Faraday, by warming 
elilorine hydrate in one limb 
of a .seuleti A*lube. tfie other 
limb of which was cooled In 

— r ut k- a freezing mi-xture (Fig- 75). 

Fio. 73.-l.»,«ef«..oo of chlonn, by cx(H-rimenM, Fara- 

<lav was able to liciuefv hvdropen sulphi<U-. hydrogen elilc.ride, carbon 
dioxide nitrous oxide, cyanogen, and aintnoiim ; but oxygen, 
and livdrogcn resisted all atterai.t.s to reduce tl.em to the liquid sUto, 
and hence they were called permanent gnsM. 
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Most of the attempts relied on the application of pressure to the g^s. 
Some gases may be liquefied by pressure without very strong cooling ; 
the pressures in atm. required to liquefy the gases at O*’ are : 

Sulphur dioxide • 1*53 Ammonia • • 4*20 

Chlorine' • • 3*66 Carbon dioxide > 34*55 

Pressures up to 2000 atm. were tried without result by Natterer ( 1S44) 
with nitrogen » oxygen, and hydrogen. 

In IS69 Andrews discovert that a gas cannot be liquefied by any 
pressure, however high, unless it is cooled below what is call<^ tlie 
chtiesl (efflpffsbm of uit gas. Just below this temperature the gas is 
liquefied by the application of the critksl pretmxe. The volume occupied 
by 1 gm. of a substance at the critical temperatiu^ and under the critical 
pressure is the critical volume. 

At the critical point liquid and vapour become identical, and it is 
possible to convert gas confinuously into liquid without any separation 
into liquid and vapour phases. Ci^niard de la Tour in 1822 had shown 
that when a liquid such as ether is heated in a scaled tube the liquid 
meniscus vanishes at a certain temperature and reappears at tliis 
temperature on cooling. 

The critical temperatures of the sO'CSdled permanent gases lie below 
the lowest temperatures attained by older experimenters. When it 
was clear that strong cooling was necessary and that high pressures 
alone could never succeed in the case of these gases, the problem 
was solved, independently, by 
Pictet and CaiUetet in 1877. 

Pictet's method.~Pict«t used 
the apparatus shown in Fig. 76. 

Oxygen generated in the retort P 
by heating potassium chlorate, 
was comprss^ by its formation 
in a copper tubs, cooled in liquid 
carbon dioxide L boiling under 
reduced pneaura. and fitted with 
a pressure gauge Q and releaM 
valve N. The carbon dioxide was 
reliquefied by a pump G in a 
«econd copper tube, BF, sup. 
foimded by liqmd sulphur dioxide 
boiling under reduced preesora, i / 

tod circuUtod by asecond pump. of oxygen by Pictet. 

'u* "«* ‘h» p™«ure ro89 to Mveral 

hu^ On opening the rrtwse-v.lve W. » jet of liquid 

oxygen issued from it, at once boiling away. 

CaiUstet's msthod.— CailleUt comptassed the gas bv a Dowerftil 
pmnp foremg water into a strong steel vessel B, ^ 77^in which the 

jnwiJ drove the mercury into T and sUongiy compressed the raa Th^ 

Preeeure w« then suddenly rele«ed by 
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the waiet to eseajK*, and th^gas expanded suddcnl.v and bcnce without 
appreciable exchange of heat with the surroundings (adiabatic expauioa). 

The work done by the gas against the 
external pressure in expanding adia- 
baticaUy is provided by the energy of 
the gas» and the decrease of the kinetic 
energy of the gas molecules causes a 
fall in temperature. In CaUletet's ex- 
periment the temperature fell to the 
point of liquefaction of the oxygen. 
A fog of liquid droplets was seen 
momentarily in the tube, at once 
vanishing as heat was communicated 
from the walls. 

Joule-Tbomson effect.^The liquefac* 
tion of air in bulk was effected in 1895, 
independently, by Hampson in Eng* 
land and by Linde in Germany, by the 
use of a new principle, vis. the JouU» 
ThofMon ejjecf. investigated by Joule 
and William Thomson (later Lord 
Kelvin) from I8o2 to 1862. When a 
compressed gas escapes into the free 
air through a plug of silk in a boxwood 
tube, a slight cooling effect occurs with 
most gases (air, oxygen, nitrogen, car* 
bon dioxide), but with Itydrogen there 
is a slight heating effect. 

Thu UmjxraiHre change U quite 
different from that due to the external 
work done bg a gus in adiabatic exparuion. If a given mass of gas, of 
volume Vi (Fig. 78), is forced under a pressure through the plug into 
a space under a lower pressure p* (say }pi), it occupies a larger volunie 
V,. The work done on the gas is that done 6y the gas is pjV|. U 
the gas obeyed Boyle's law, 

Pif \ - Pt^'t 7 •, 

and no external work would be 

done ; if no other effect were 

involved there would be no 

change of temperature. Since 

Vj is greater than Cj, the mole- 

e'ii\c& of the gas have separated. , i i 

and since thew is a slight attraction between them, iniema/ work has 
SSenTpent ^parati^^ them. The energy required for this 

this e^'trs ftv.-p.v,. but much n.ors .s absorbed to 

supply the internal work. 


Kio, 77. — Liquefaction of gasos 
by Csilletel. 
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Liquefaction of air. — In the case of alt the Joule-Thomson cooling 
effect in degrees C. is given by 

difference of pressures in atip. ^ ^273^* 

where 7| is the absolute temperature of the air before expansion. 

If air at O'* C.« and under a pressure of 100 atm., is expanded through 
a valve to atmoapherie preesure, the fall of temperature will be 
(99/4) x(S73/873)*s 24*7*. If this cool air sweeps over the surface of 
a copper pipe, bringing compressed air to the valve 
(Fig. 79), the expanded air takes heat from the air 
coming to the valve, becoming itaelf warmed nearly 
to the atmospheric temperature. The cooled com* 
preased air a^r expansion becomes 30*3* colder, aa . 
the above formula shows, and this cold air sweeps | 

over the iimer tube, further reducing the temperature 
of the compressed air coming down. The cooling 
effect accumuJaUt, and the air issuing from the nozzle 
finally becomes so cold that it liquefies. 


I 
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A diagram of an air liquefaction apparatus is 
given in Fig. 80. Air is ^wn through purifiera 
to remove carbon dioxide and then compressed. 

The heat of compression is taken out by a cooler 
and the air passes through an apparatus in which Fio. 79.— Cooling 
motsture is removed. The compressed sir then ex- gasM by free ox* 
pands through a jet and in so doing becomes cooled. 

The Bold air eveeps o?er the outside of a spiral metal pipe bringing 
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Pio. 80 . — Productite of liquid air. 
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so wUl tfmt it liqtiefics on leaving tlio jet. Liquid air as obtained 
from tlio liquefier is richer In oxygen than gaseous air. Usually it 
contains froni 5U to 60 per cent by weight of oxygen as compared 
w'lth 23 in gaseous air. 

Liquid air is kept in double- walled glass Dewar (“ thermos flasks 
(Fig. SI), the inner surfaces of which, silvered to reflect heat, have 
a high vacuum between them to cut doum heat transmission to a 
mmimum. 

Liquid air and liquid oxygen are stored in spherical metal vacuum 
vessels holding 5-30 galls., the inner vessel being suspended by a thin 
metallic neck and the annular space exhausted. A high vacuum is 
niaintaine<l by means of a tube of absorbent charcoal ojicn at the end 
cx])Osed to the vacuous space and w*ilh the other (dosed) end immersed 
iti the liquid air or oxygen. The daily loss is not more than 5 per 
cent. 

Liquid air is usually slightly turbid, because it contains particles of 
ice and solid carbon dioxide. If flltere<l (hrougli a large Alter paper it 
Is a clear liquid with a pale blue colour, due to liquid oxygen. If 
poured out into the air it evaporates, producing thick white clouds of 
condensed moisture. Its temperature is about - 190% and when ex* 
l>oscd to this extreme cold many substances undergo remarkable 
changes in properties. Lead becomes elastic, and rubber hard and 

brittle. Mercury is frozen to a malleable 
solkl. Raw meat, fruits, flowers, etc., 
become hard, and can be powdered in a 
mortar. A kettle containing liquid air 
*' boils briskly on a slab of icc, and 
copious clouds of steam " {i.t. atmo- 
spheric moisture condensed to particles of 
icc by the cold of the escaping evaporated 
air) arc emitted from the spout. The 
|>hosphorcscence of calcium sulplude is 
quenched at the temperature of liquul air, 
but apiiears again on warming, bulphur 
and mercuric iodide become much paler 
in colour on cooling in the liquid. 

Critical constants from van der Waals’s equation. — \'an der Waals's 

equation (p + a/P)(r -6)-Rr, 

when multiplied out is a euhic equation in the volume V : 

( 1 ) 

\ p J p p 

If the three roots are x„ Xj. then 



The three roots mav all be real, or one may be real and tfie 
imaginary Hence for every value of p and T there «« o** 

valuw of'r The first case corresponds with a real gas. At the critical 



X) LIQUIDS m 

point the three roots become equal, and equal to the critical volume 
of 1 g. moL : \\ ; hence 

(r-r,)3-P-3P^',+3ri'e-- iV-0 { 2 } 


By comparing (1) and (2) and equating the coefficients of like powers 
of V it is found that 


(since when V sV^, the pressure and temperature are nUo (he critical 
values), From these equations it is easily found that 

p, -a/276*, r.*8a/276R (3) 


Liquids. — The attractive forces exerted by molecules on one another 
in the liquid state are considerable. In a liquid the molecules arc close 
together, so that there are practically no free paths. 

Since the actual space oocu))ie<l by spheres of radius r most densely 
packed is 0*74 of the total volume, if the molecules in a liquid are in 

}r^-0-74r, 

where N is Avogadro*! number and V the molar volume ( - mol. wt./den* 
»ty). This gives an approximate value of the molecular radius. 

A molecule in the body of a liquid is attraeted equally iti all directions 
and the resultant force on it is aero. The range of attractive forces is 
«&aU : van der Waals calculated an 
order of 10“^ cm . Molecules in t he su r. 

/ace however, are subject to a resultant 
attraction due to tfie unbalanced forces ^ 
of the molecules below tliem, and are 
under a pressure tending inwards (Fig. 

82). This resultant force gives rise to 
njfsct tcasivn. 


— 9 


' i • 



Flo. Sa.— Diagrun indicating 
th* range of molacuUr foroea in 
a liquid. 


The attractiva forces between molecules 
are not always uniform in oil directions, 
but may proceed in one or two direc- 
tions only, as if tlie molecules were small 
magnets. . The moleculea in the siv face 
^ll th« mostly be arranged with the same parU pointing in one diwctioji. 
Inveatigations of Rayleigh (1899) indicated that the tli inneat of oil films 
on water were uniinolecular, and the formation of unimolecular fUma has 
^n prov^ in many cases by Langmuir and Harkins (from 1917). A drop 
w a solution of an insoluble fatty acid (or other substance) in benzene is 
brought on a perfectly clean surface of water. The solvent evaporates, 
leaving ^ isolated patch of film. By bringing a atrip of paraffined paper 
Mroae the surface of the water so as to oiclose the film and tlie sidee of 
Ww trough, a resistance is encountered when the film just fills the area 
the strip and the edges of the trough. 

^ area of the film is then equal to the area A between the strip and the 
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of tho trougli, and since the weight » of the film is known, tlie area a 
occupied by a single molecule in the unimolecuiar film U given by : 

asAMjun, 

where M is the molecular weight of the substance in the film and N ia 
Avogadro’a number. The thickness t of the film can be ealoulaled on the 
assumption that the density is the same as that of the substance in bulk, S : 

S . At=sw. 

For fatty acids a is practically the same with varying lengths of chains 
of carbon atoms, so that it is assumeil that the molecule is orientated verti* 
cally on the water surface with the carboxyl group COOH of the acid 
immersed in the water and the carbon chain outside. 


Kinetic theory of evaporation .^Some molecules in a liquid have 
more than the average kinetic energy. Such molecules, on approaching 
the surface, have enough energy to break aw*ay from the attractive 
forces, and proceed outwards into the space above the liquid. This is 
the phenomenon of evaporation. 


Escape of molecules of higher kinetic energy reduces the mean energy 
of the liquid, w'hich becomes cooler. To keep the tem|>erature constant, 
heat must be added from outside ; this is the latent heat of evaporation. 

Molecules in the vapour which approach the liquid are attracted near 
the surface, describe curved orbits, and may be caught by the surface 
and dragged into the Liquid. They are accelerated in the field of attrac* 
tion, and pass into the liquid w*ith increased kinetic energy. Heat is 
tlierefore given out on condensation. Eventually, as many molecules 
leave the liquid as pass back again per second : this ia a condition 
corresponding with the saturation vapour |>re8sure and is a kinetic 
eqnUihrium, due to two op{>osite |>rocesscs going on at equal rates. 

If the forces acting on liquid molecules are as shown in Fig. H2, the 
w'ork done in bringing a molecule from inside the liquid to the surface 
w'ill bo half that required to remove it altogether from the liquid to the 
vapour s|>ace, the latter being measured by the latent heat of evapora- 
tion (Stefan, l«8b). The translational kinetic energy of the molecule is 
the same in the liquid and vapour, since it depends only on the tern- 
perature. 

Molecular weights of liquids.— If the particles in a liquid move about 
as individuals, they have definite molecular weights. Molecules of 
more than one kind may be present. When the liquid molecule is the 
same as the gas molecule, the liquid is called a normai h’?«rrf. If it con- 
tains molecules formed by the association of simple molecules, it is 
called an j i . 

Attempts have been made to find the molecular weights of liquids by 

measurements of surface tension. The prwluct a( where a -surfaw 
tension in dynes per cm.. V - molecular volume - .1/ D 
ml is proportional to the surface energy of I mol of liquid m the fom 
of a snhere and was called by Eotvds, and by Ramsay and Shields, the 
mclMidar surface eaerpr. ThU decreases with teini>crature / C. according 

10 the equation : ^lV]i 
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wliere k is & constant and is the criiicat temperature. For most 
liquids /r is approximately 2' 12, but in some cases, as witli u ater, alcohol 
and acetic acid, it is smaller. 

For bromine, <7 = 44 at 13* C., /,* 302-2 ; A/= 160<l5r,). D = 312 ; 

/ 160 \i 

j -r(302'2. 13- 0)« 2*145. 

Since titis is nearly 2*12, bromine is assumed to bo normal. 

For water, 73 at 16* C., (g « 370, M « 18, Ds I, hence 

ib = 73 X < 18)i -r (370 - 15 - C) = 1-497. 

This is smaller than the normal value, and water is assumed t<i be associa* 
ted. If the molecular weight of water Is assumed to be x x 18, where x — 
degm of isaoctatioa, we may expect to got the normal value of k (since 18x is 
the true molecular weight), hence by division : 

.ri = M2/]'497; <sl>69. 

In some eases ( 4 ^. fused metals) the method leatk to s'aluee off smaller 
than 1 which are difHcult to interpret, and tlie calculation of degrees of 
association, as above, is now regarded as of doubtful validity. 

Another indication of association is tlie value of the trouton coefleieat, 
*here is the latent heat of e^'aporation per gm.. and the 
boiling point ate. For normal liquids this is about 21. for associated 
liquids it is larger, 4 ^. 26*9 for alcohol and 25*9 for water. 

The Partchor.^For a non-associated liquid the influence of temperature 
on tte surface tension a is given by the relation - d) a const. ■ (Pj, 

where D and d are the densities of liquid and vapour and M a mol. wi. 
In rnwy cases d can be neglected. [P] is called by Sugdon the parachor. 
«d IS interpreted as the molecular volume at a standard internal pressure. 
The parachor is very nearly additively composed of a sum of terms for the 
Mparate atoms together with constants fortlie particular forms of linkages. 
Double bonds, rings, etc., have characteristic values, so tliat the parachor 
has been used to determine the constitutiem of molecules. 

Solids,— In the solid state it is assumed that each molecule performs 
osciUations of small amplitude about its fixed position of equilibrium. 
When beat is imparted to theaolid, the amplitudes of the oscillations 
increase, and at a certain temperature Uie molecules collide with each 
and break loose. This is the point of fusion. The molecules in a 
4obd exert large atUactive forces on each other and in separating them 
^rork is done, which is equivalent to the latent heat of fusion. Since the 
^d is only slightly compressible, there must be repulsive forces 
^ween the molecules which increase more rapidly than the attractive 
at smaU disUnces between the molecules. In the ordinary state 
these two sets of forces are in equilibrium. In some cases the particle^ 
m 4 sobd are rotating (or at least swinging to and fro around an axis) 
as well as oscilUting about iixed posiUons. 
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The process of building a solid structure from a liquid ukes place round 
definite nuclei. Small crystal aja?regates are formed at a small number of 
points, and radiating masses <»r crystals shoot out from these centres until 
the whole solid. C'rkStallisation does not usually begin at the freezing 
point unless solid U preeeni, but the liquid mtjst be ^uper-cooM. A solid, 
on the other hand, always fuses as soon as the melting point is reached, 
and cannot be permanently sxiperlteated. At the melting point, when solid 
and liquid are present, there is a condition of kinetic equilibrium. The 
solid state is not adequately described by the kinetic theory used for gases, 
but retpnrea the quantum theory* (see Chapter XXl). 


The molectjiar weight of a solid has little or no significance, since the 
particles composing the crystal may not correspond \vith the molecular 
formula of the sul»tance. In sodium chloride crystals, the individual 
particles are electrically charged sodium and chlorine ions. Na* and Ch, 
not molecules of NaCI. ami a diamond crystal consists of single atoms 
of carbon linked by strong forces to which (he hardness and low vola* 
tility are due. The idea that a solid has a high molecular weight, so 
that the molecules in diamond are 0.^, for example, is incorrect. In 
crystals of organic compounds the individual molecules, such as CjqHi 
in naphthalene, are present, but in salts the crystals are usually lattices 
of separate ions. 

Solutions. — When a gas is brought in contact with a liquid, solution 
occurs until the concentration of dissolved gas is in a fixed ratio to that 
in the gas* space, as required by Henry's law' (p. 64). A state of kinetic 
equilibrium is set up with equal numbers of gas molecules entering and 
leaving the liquid in unit time. 

The mass of gM impinging on the liquid surface per second is {D& (l>< 

120)a)Z>*< \cs In oxygen atS.T.P., r» = O O0N2d 

gm. per ml.. *Jc* s4>61 x 10* cm. per aec., /. the mass of oxygen striking 
1 sq. cm. of the liquid surface per second is 0<230 x 0*001429 x 4*61 * 10* 
gra. s: 15*1 gm. This contains 2 '6d « 10'* molecules, or the number in about 
10 litres. 


Some of the impinging gas molecules pass through the surface into 
the liquid, owing to molecular attraction. Some gas molecules moving 
in the liquid approach the surface, and if the kinetic energy of thc« w 
much above the average value, they will pass Into the gas •space, This 
occurs the oftener the more ga.s molecules are dissolved, A state of 
equilibrium is reached when as many molecules enter as leave the 

liquid per second. . , » .... 

Wien tlie pressure of the gas Is ralse<l, the number of molcculw per 
unit volume increases, and the number striking the surface becomes 
larger in the same ratio. The number of molecules per unit volume in 
the 1 iq uid also increases . Hence m ore molecu lea leave It than previously . 
When there Is equilibrium, the same number leave as enter per wcorni. 
but if the number entering Is increased n times the number in uni 
volume of liquid also Increases n times. This is Henry s law. 

If we imagine people walking into a room through one door and out 
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through another, eo that as many enter aa leave, then if they enter twice ae 
often there wiU be double the number in the room, although they are also 
leaving it at twice the previous rate. 


When a solid dissolves in a liquid, molecules pass from their centres 
of oscillation on tbc surface of the solid, and in a saturated solution 
molecules are caught into positions of oscillation. An irregular or 
broken crystal suspended in a saturated solution tends to become more 
perfect in shape* one part dissolving and being deposited in anotlier 
place. Ultramicroscopic experiments (Traube and von Behrcn. 1928) 
show that a crystal in dissolving is often broken up into small aggregates 
of molecules (an^icrona), which, after a very short interval* disperse 
as molecules or ions. In forming crystals the reverse process occurs, 
strings of submi crons building up small ** blocks " of the crystal 
aggregate. 


Attempts tiave been made to find the radii of parUcles in solutions by 
assuming them to be spheres and applying Stokea's law (p. 6) : 

os 1/601^*. 

where v is the nobility ( s speed under unit force on the particle) and the 
viscosity of the liquid. The force may be an oamotic pressure gradient os 
In diflusion, or an electric potential g^ient aa in the case of a migrating 
ion, or both combined as in the diffusion of ions. This method gives good 
resulto only with large (colloidal] particles. 


CHAPTER XI 


OXYGEN AND OZONE 

History. — Oxygon wm fmt isoUtod by Scheole in 1772 and waa dis* 
covofOfi itidopon<ien(ly by Priestley in 1774 {p. 30). Ita elementary nature 
waa recognised by Lavoisier (p. 33). 

Oecuirence. — Oxygen occurs in the free state as a gas of the molecular 
formula Os, to the extent of 21 per cent by volume or 23 per cent by 
weight in the atmosphere, and takes part in processes of combustion ; 
its biological functions in respiration make it important. The gas is 
sparingly soluble in water, but the small quantity dissolved is essential 
to the life of Ash. 

Combined oxygen occurs in water, in vegetable and animal tissues, in 
nearly all rocks and in many znineraU : it occurs to a larger extent 
(about .50 per cent) in the earth's cnist than any other element. 



Kiu. Kd.^DcvvmposUien of by chlorine. 


Preparation from water — Oxygen is obtained from water by passing 
a mi.xturc of steam and chlorine through a strongly healed silica tube 
containing piecc.s of broken porcelain : 

2Hj0--2Clj-4HCl4 0,- 

The hydrogen chloride us removed by a wash-bottlc containing sodium 
hydroxide solution and the oxygen collected over water (Fjg- 83). 
’^Oxygen is evolved at the positive electrode In the electrolysis of 

acidulated water (p. 40) : 2HjO - 2H, -f 0*. 


CHAT XI] PEBPARATION OF OXYGEN FROM OXIDES 13d 

A solution of barium hydroxide with nickel electrodes may also be 
used, but on prolonged electrolysis an explosive mixture of oxygen and 
hydrogen may be evolved at the positive electrode. 

PreparadoQ of oxygen from oxides. — Oxygen may be obtained by 
heating some metallic oxides. H«rcujie ooit strongly heated in a hard 
glass tube decomposes ; globules of mercury collect in the cooler parts 
of the tube and oxygen gas is evolved ; if collected over mercury it 
ii pure and dry : 2HgO = 2Hg.O,. 

Siher esde decomposes at a lower temperature than mercuric oxide : 

2Ag,0-4Ag-H0,, 

and .when prepared by precipitation of silver nitrate solution by pure 
potassium hydroxide solution in absence of atmospheric carbon dioxide, 
the silver oxide gives very pure oxygen. 

Higher oxides of metals decompose on heating into oxygen and lower 
oxides. BviuED peroxide decomposes into oxygen and barium monoxide 

2Ba0..2B.0^0., 

Black BiAQfAaeM dSoiide decomposes at a bright-red heat, giving off 
oxygen and leaving a brownish ^red lower oxide, tri manganic tetroxide 

3Mn0, = Mn,0, + 0,, 

Manganese dioxide evolves oxygen more readily when heated with 
concentrated sulphuric acid : 


2MnO, + 2 H,S 04 - 2MiiSO< + 2H,0 +0,. 

Eed lead PbjO* on heating evolves oxygen and leaves yellow lead mon- 
oxide PbO : 

2Pb,0,-8Pl>0+0,. 

Uad dioxide PbO*. a plum- coloured powder, evolves oxygen on heat- 
mg and leaves lead monoxide PbO : 


2PbO,*2PhO + Oj. 

Oxygen is evolved by dropping water on Mdium peroxide Na,0„ but 
this experiment may result in an explosion since some metallic sodium 
®*y be present in tbe peroxide : 


2Na,0, + 2H,0 -4NaOH + 0 ,. 

^par«ion of oxygen from »«H*.-Some ulte containing oxygen 

evolve oxygen gas on heoUng. 

'•“^"8 M a 

X If' of o=cygen, leaving potassium 
itrite KNOj, which sobdifies on cooling : 

2KN0,=2KN0, + 0,. 
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Potassium chlonto cr>*staU hc&ted in A hard glass tube melt at 360^ and 
then evoke oxygen: (j, 2KC10, = 2Ka + 30,- 

As the reaction proceeds the evolution of gas slackens and the salt 
becomes pasty, hnally almost solid, and at this stage the residue con- 
tains potassium chloride and potassium perchlorate KOlOi : 

(2) 4KaO, -3KCIO, + KCl- 

If the temperature is raised the mass fuses again, oxygen is evolved 
and finally solid potassium chloride remains : 

(3) KCIO 4 -KCI + 2O,. 

Reactions (1) and (2) proceed indtp^ndfnlhjiiom the commencement and 
equations showing tlic simultaneous formation of oxygen, chloride and 
perchlorate in a definite ratio are regarded as inaccurate. The oxygen 
obtained from chlorate may contain a little chlorine, which is removed 
by >vashing uith sodium hydroxide solution. 

A solution or |>aste of bUaehisc pevder heated with a few drops of 
cobalt chloride solution evolves oxygen. The bleaching powder solution 
contains calcium hypochlorite Ca(OCI)j. This precipitates from a 
cobalt salt solution a black higher oxide of col>alt, C'o^Oj or CoOj. in 
presence of which the calcium h>‘pochlorite is rapidly decomposed with 
the formation of calcium chloride and evolution of oxygen : 


Ca(0CI),*CaC4+0,. 

The cobalt oxide appears to undergo no change, but probably 
undergoes alternating oxidation and iWuction, acting as a catalyst 
(p- 142). 

PoUssiuiD pfrasaganais KMnO^, which forms purple (almost black) 
crysUls. on heating at 240“ evolves pure oxygen without fusing, the 
crystals falling to a black powder of a mixture of potassium manganate 
KjHInO^ and manganese dioxide : 

2KMnO< - KjJfnO^ + MnO, + 0,. 


If the cooled black reeiilue is thrown into a large beaker of water, the 
Dotossium manaanate dissolves to a green solution wliich almost jmmedieleiy 
becomes pink front the conversion of tho manganate mto ? 

the action of the carbon <lioxide diasolvaci m the water. By widmg a ht 
sfxlium hydroxide sohition (which combines with the 
the water before tho experiment, the green colour remains but becomes 
pink on adding dilute eulphuric acid. 

Potassium permanganate explodes violently when heated with con- 
centrated sulphuric acid, hut when bydregeti peroxide solution « mixc^ 
with a solution of the (icrraanganate and diluted sulphuric acid, 
two compounds decompose each other, forming a nearly colourless 

solution, and oxygen is evolved : 

2KNf nO, + 3H,SO, + 5H,<X » ICSO, 4- 2MnS(), 3M,0 + 60,, 
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A solation of 5 gra. of KMnOt in a cooled mixture of 1 CM) ml. of water and 
50 ml. of concentrated sulphuric aetd i» dropped from a tap-funnel into 100 
ml. of 20*volujnes hydrogen peroxide an a flask. The oxygen evolved b 
collected over water. * 

Chromium crioxide CrO^ which forms red crystals, nicits on heating 
and at about 420^ ctoItcs oxygen, leaving a green residue of chromic 
oxide (a little chromium trioxide sublimes) : 

4Cr0, = 2Cr,0, + 30,. 

PoUuium dkhromate KtCr^O^. w'hich forms bright«red crystals, melts 
on heating and when 9(rongly heated evolves oxygen, leaving a mixture 
of yellow, potassium chromate KfirOi, soluble in water, and green 
chromic oxide Cr|0). insoluble in water : 

4K2Cr20f B 4K2Cr04 + 2Cr20g + SO^. 

Chromium trioxide and potassium dichromate evolve oxygen when 
heated with concentrated sulphuric acid, chromic sulpliate being 
formed :• 4CrO, + 6 H ^04 - ^OjCSO^), + 6H,0 +30, 

2K,Cr|0, + lOH^SO* - 4 KHSO 4 + 2Cr,(S04), ♦ «H,0 + 30,. 

Laboratory preparation of oxygen. — PoUasium chlorate decomposes 
at a much lower temperature if previously mixed with manganese di- 
oxide. Only the chlorate is decomposed, and in this case no perchlorate 
is formal; 2KCl0,-2Ka + 30, 

This reaction is generaUy used in the laboratory for tho preparation 
of oxygen .f 

A mixture of 25 gtn- of potassium chlorate with 5 gni. of manganese 
dioxide (oxygen miaattrel evolves oxygen freely wlien heated in a glass tube 
St a temperature below the melting point of tl>e chlorate. The heating 
must be carefully regulated, as the deoompeeition of potassium chlorate, 
imbke that of mereuric oxide, etolise# heat and under certain conditions 
may become explosive. 

The oxy^n mixture is heated in a large test-tube clamped in a hori- 
wntal position and fitted with a fairly ivide glass delivery tube passing 
thrwgh a cork in the test-tube and dipping at the other end under 
wa^ ui 4 p^matic trough. Over this end is supiwrled a glass 
2jlmder full of water and siandir^ on a beehive shelf in the trough (Fic 
^). The mixtwe is cautiously heated with a small flame, begiiming at 
end near the cork, and the flame is withdrawn from time to time 

dkhromato tmd wiphu™ Mid i. pTMticdly i„. 
»f «M,io™ of pr,por.tion 
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wlien the evolution of gas begins to be violent. The delivery tube must 
be taken out of the water before the teet*tube is allowed to cool, since 
otherwise water will be forced back into the hot tube and crack it. 



Wanung.— Manganeee dioxide adulterated with powdered coal or anti- 
mony sulphide explodes violently on heating with chlorate. Serioxu an<l 
even fatal accidents have been caused in this way, and a liuU of the mixture 
should always be heated in an open leet-tube before beginning the experi- 
ment in order to be sure that no deflagration occurs. 


Catalysia.— The manganese dioxide in the oxygen mixture undergoes 
no pentiantnt ctumical change in the reaction and may be recovered by 
<li88olving out the potassium chloride from the residue with water. 
Other oxides such as ferric oxide and cupric oxide act similarly, and 
arc also left chemically unchanged after the reaction. 

This action was discovered by Ddbereincr in 1820 and is an example 
of what was called coatact actioa by MiUcherlich in 1833 and csUlysU by 

Berselius in 1835. . , 

A cataltj$( i$ a substance which a chemical reaetton wUhout 

iUelf undirming any permanent chemical chanye. 

If several products are obuinablc in a reaction, a caUlyst may be able 
to direct the course of the reaction. 

The catalytic action of manganese dioxide was explained by McLeod 
I IK89) as due to a cycle of reactions : 

2KCIO« + 2MnO» * 2 KMn 04 Cl| O, 

2KMnO, = KtiMnO, MnO, O, 

K,MnO* + O, » 2KC1 + MnO, O,. 

Kowler an.l (Jrant ( 1890) 8..p|«90.l th«t a higher oxi.lc of muiiagnwo i» 
uUeniatoly formed and red\ice<l : 

KCIO, 2MnO, ^ KC1 + MnA 
2Mn,0.- 4Mn0,^30,. 


K..8e so.no ,H3.n.8iam ohl..r..te in “"“uer 

„u.,.tity of mongancoo . hoxi.lo = 

small quantity of cliromic oxide 0,0,. j (K ,CrO,), 

(ii) the fuse<l salt becomes permanently pink tK-MnO,) . 
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wapectivMy. KMnO, cannot ©xiat ©Ion© at the temperature of the fused 
chlorate, hence it must be contonuously <lecompoeod and reproduced by a 
cycle of reactions. A liule ferric oxide F©,0» produces a violent effor. 
veecence. and on cooling the mesa is slightly pink from the formation of 
potassium ferrate, KaFe 04 . 

McLeod observed that piecee of manganese dioxide put into fused chlorate 
break up into a very fine powder. The pAyrtcof state of the mengoneae 
dioxide changes, which suggests that it has entered into reaction and is 
reproduced. 

It may ba difficult to see how manganese dioxide can exort any action on 
M/id chlorate, since the catalytic effect occurs below the fusion point of the 
latter. But some local fusion probably occurs on account of the heat 
evolved in the reaction {flashes of light are always seen), and in any case 
L. H. Parker (1914-13) haa shown that chemical action may occur l>etween 
solids. The reaction : 


BaCX>, + Na^O^ « BaSO, + Na.CO.. 


and the reverse reaction, take place to a limited extent when the dry 
powdered mixture is heated short of fusion • or simply triturated in a dry 
reortar. Reaction also occurs in the dry powder when it is strongly com* 
pressed, as was shown by Spring. 


Phyueal properties of oxygen. — Oxygen is a colourless gas, without 
eioeU or teste. It is slightly heavier than air. It is sparingly soluble 
in water. Oxygen is difficult to liquefy, b.pt. - iSSO^ : the liquid is 
pale blue in colour and is appreciably magnetic. At stiU lou'cr tern- 
peratu res light* blue solid oxygen ts obtained , m .pt. - 2 1 3*4^. It shou Id 
be noted that solid oxygen cannot be obtained by rapid evaporation 
of the liquid (as can solid nitrogen) ; the liquid must be cooled in liquid 
hydrogen. 

Combustion.— The combination of substances with oxygen, with 
the evolution of heat and light, is called combustion- Substances 
which burn in air bum with much greater brilliancy in pure oxygen, 
since the nitrogen in air acts as a diluent, absorbing part of the heat 
given off in combustion. Some substances, such as phospliorus, 
oxidise slowltj when exposed to air without catching fire, because the 
heat produced by oxidation is dissipated too rapidly to raise tlie tem- 
perature to the igaibeB poiat. 


Finely ^vided phosphorus. obUined by the evaporation of a solution 
01 phosphorus in carbon disulphide poured on filler paper, Ukes fire 
spontaneously in air. 

Finely divided lead, called pyrophoric lead (made by heatine lead 
**rtr4te), glows in air and fumes of lead oxide are formed. 

Preeipiuie a solution of lead aceute with a solution of tartaric acid, 
nie white precipitate of lead tartrate. PbC^H^O,. is filtered, wsslied, and 

« placed in narrow tubes, sealed 
at one aid and drawn out at the other. The tartrate is heated until fumes 
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are no longer evolved, and the tubes are sealed. If a tube, after cooling, is 
cut with a Hie and the Hnely divided pyrophoric lead shaken out, the metal 
glows brightly, forming yellow Aimes of lead oxide PbO. 

Combustion of non-metals in oxygen. — Some non ‘metallic elements, 
such as phosphorus, sulphur, and carbon, burn in oxygen to form acidic 
oxidec^ i.€. oxides which form acids on solution in water (see p. 74). 
Hydrogen on combustion forms water, which is a neutral oxide ^ i.e. has 

no acidic or basic reaction. 

Ill the combustion of solids such as phos* 
phonis, sulphur and carbon in oxygen, the 
substance contained in the bowl of a defiag- 
rating spoon is kindled and placed in a jar of 
oxygen (Fig. 85). 

(1) Wliite phosphorus is cut under water, a 
small piece rapidly dried by pressing between 
filter |>apers, and put in tlie spoon with dry 
crucible tongs. The dry phoepkorna must oh 
HO account be handled u Uh thepngera as it may 
take fire. The phosphorus is kindled by touch- 
ing it with a hot wire and put into the jar, 
when it bums in the oxygen with an exceed- 
ingly brilliant white flame, producing a white 
cloud phosphorus pentoxidc which settles 
yio. jAf and »n flocks on the inside of the dry jar : 

deflagrating apoou. + 5 ()^ . 2 . 



M^hcn water is poured into the jar the oxide dissolves and phosphoric 
ucid H 3 P 04 is formed, which changes the colour of blue litmus solution 

to red : + 3H,0 - 2 H 3 PO 4 . 

(2) A piece of roll sulphur when kindled in a spoon burns with a bright 
blue flame when introdueed into a jar of oxygen, The gas 
dioxide 80. is the main product of the combustion, but a little solid 
sulphur Irioxide SOj is also formed, which make# the gas slightly 

cloudy: 

2S + 30,-2Sa,. 

VVIion shaken with water, the proditcU of combustion dissolve, forming 
a solution which reddens litmus : 

SO* + H*0 - H*SO, sulphurous acid 
SO, + H*0 ■ HjSO, sulphuric acid. 

(3) A piece of wood charcoal strongly heated in a s|K)on 

I,. throwiiuc off bright sparks, when placed in oxygon. Carbon 

(iioxi^ CO* is the^chief pnxluct of the reaction, although a little carbon 
monoxide CO is generally formed : 

C + 0,»C0,. 
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When the gaa is shaken with water, a little carhon dioxide dissolves 
forming a solution of the very weak and unstable carbonic acid H2CO9, 
which changes the blue colour of litmus to a port- wine red colour : 

COj + HjO-HjCX),. 

If another jar of carbon dioxide Is prepared and the gas is shaken 
with Ume water, this becomes milky from the formation of a precipitate 
of calcium carbonate CaCO) : 

Ca(OH), + CO) «sOaCO, 4 H^O. 

(4) A jet of hydrogen gas, prepared by the action of dilute sulpliuric 
acid on tine (see p. 162), bums in a jar of dry oxygen, producing water 
which condenses as a dew on the inside of the jar (Fig. 80) : 

2H,+0,-2H,0. 

If a jet of oxygen is thrust into an inverted jar of hydrogen burning at 
the mouth, the oxygen takes lire and continues to bum in the atm os- 



Fto. 80.— Hydrogen burning iq 
oxyg«. 


H 


VJJl 




:-0 

Pic. 87.— Oxygen 
burning in hydrogen. 


pbere of hydrogen (Fig. S7h The terms coDbubblt and supporter of 
tombusUoa are therefore relative. 

(6) Dry barium or strontium chlorate is heated in a vertical spoon 
imtil it evolrea oxygen freely. A globe of coal gas is then lowered over 
the ipoon (Fig. 88), The oxygen fmm the cilorate, if the latter is 
aumawtly heated, takes fire, bums violently in the coal gas, the 
aame being coloured intensely green or crimson by the volatile barium 
or strontium compounds, respectively. 


Combustion of metals in oxygen.— Eoroe metals when strongly heated 
bum in oxy^n to form oxides. These oxides are nearly always 604*0 
U. oxides which form salts with acids (p. 74). Other metab do 
not bum in oxygen, but combine with it on heating to form oxides. 

iwtassium. when heated in iron deflagrating spoons 
^ b.^ and tiien lowered in dry jars of oxygen burn 
with bright yeUow and lilac flames, respectively, fonning or^ge-yellow 
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solid hij?her oxidos, sodium peroxide Na^Os and potassium dioxide KOj. 
These tvhtn cM may be dissolved in water with evolution of oxygen and 

^ formation of alkaline solutions which 

red litmus blue and contain 
sodium and potassium hydroxides : 

1 1 

I % Sifi 2Na,Ot + 2H,0 - 4NaOH + 0* ; 

K + 0* « KOt 

4KO, + 2H,0 * 4KOH + 30*. 

^ Magnesium ribbon held in crucible 

I] tongs» ignited in air and inserted into 

\’ . a jar of ox 3 'gen, bums with a blinding 

Ij f white light, forming white solid mag- 

s nesium oxide MgO. which is a sparingly 

' M soluble basic oxide and turns moist red 

£^3 litmus paper blue. 

(3) A piece of calcium wfien strongly 
heated in an iron deflagrating spoon 
• bums brightly in oxygen, forming cal- 

* cium oxide CaO, whieh turns moist red 

Kiu, 8S. — Apparmlitf for 2Ca + O*«2Ca0 

combustion. ^ .Ca(OH),. 

(4) A spiral of iron wire tjp]>ed with a bit of burning wood bums 
brilliantly, giving off bright sparks, when lowered into a bottle of 
nr v'o/>n (Riff 8DV Ferrosoferric oxide Fe»0. is formed in fused 




Ox/4* 


exottaernue reactions. burning in oxygon. 

In the decomposition of mercuric oiide heat 
must be supplied, and a reaction which is accompanied byana*Jt>rp- 

iiono/Zieat is called an «odott..rmier««ti«D. „f 

Tests for oiygen.-A test for pure oxygen (or a I<ir^ “ 

oxvgen mixed with an indifferent gas such as nitrogen) is the kindlmg 
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of & glowing chip of wood ; the only other gas wbicli re8|)onds to this 
test and might be mistaken for oxygen is nitrous oxide NjO. Tlie two 
are distinguished by the fact nitrous oxide is much more soluble 
than oxygen in water, and by the formation of red nitrogen dioxide NO, 
with free oxygen but not with nitrous oxide (unless it contains j'ome 
free oxygen) : 2NO + 0, - 2N0,. 

TIxe nitric oxide test will detect free oxygen when present in a mixture 
which does not respond to the glowing chip test. 

Dsterou&aCioo of oxygen. — Oxygen is absorbed from gaseous mixtures in 
gas analysis by : (i) a eolution of pyrogallol and caustic potash, which turns 
black : (ii) phosphorus (this doss not glow in pure oxygen) : (iii) an acid 
eolution of chromous chloride, which turns from blue to green owing to the 
formation of chromic chloride : 4CrCI| Ot -f 4HC1 s 4CrCI» 2HaO ; (iv) 
by mixing the gas with excess of hydrogen and sparking in a eudiometer, 
or adding enough hydrogen to form a non 'explosive mixtxire and passing 
over platinised sabMtoe at a dulhred heat (or gently heated palla<lium), 
when water is fonned : one*thini of the contraction of the gas then repre* 
senU the oxygen eontalned in it: + (liquid). The last 

method can ba usad only in the absence of other gases which react with 
either oxygen or hydrogen under the conditions of experiment (e.g. hydro* 
oarbons or nitrous oxids). 


Oxygen from air.— Oxygen may be obtained from the atmosphere, 
which is a mixture of oxygen and nitrogen (tutd a little argon), by heating 
mercury in a conBned volume of air, when the oxygen forms mercuric 
oxide (Lavoisier's experiment, p. 33). and tlien heating the oxide strongly 
when pure oxygen is evolved (p. 14). 

If yellow lead monoxide or massicot PbO is cor«/uUv heated in an 
iron dish and freely exposed to air, it takes up oxygen and forms ted 
lead, the atmospheric nitrogen being unabsotl:M : 

6Pb0 + 0 ,- 2 Pb, 04 . 

Red lead on heating more strongly decomposes into massicot and oxy- 
■ 2Pb,0,.8Pb0 + 0,. 

Whea steam is passed ovar sodium cnanganate heated to dull rednees in a 
copper tube, oxygen is evolved : 


4 Na,Mn 04 + 4HtO * SNaOH + 2Mn,0, + $0,. 

By passing air over the heated mixture oxygen is taken up aiid sodium 
o:*tnganete it formed, the nilrogeo passing on : 


dNaOU 2Mn,0, + 30» a 4 Na.Mn 04 + 4HjO. 

^8 m*y now be decompo«ed by heeling in e ounent of .team, 

when the oxyg<m taken up from the air ia liberated by the first reaction, 
and the proceasas may be repeated. 


baprta BaO takes up oxygen 6om air when 
heated to duU rtdnua. forming banum peroxide BaO., The nitrogen ia 
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not absorbed. Barium pero.^ide on heating to bright redness evolves 
pure oxygen, leaving barium monoxide. The two reactions : 


2BaO -f O 2 "^BaOj {dull rtd htat) 

2 Ba 03 « 2 Ba 0 + Ot {bright rtd htat) 

can both take place under suitable conditions* and each reaction may bo 
said to be a reveisibte reactjoa. This is expressed by writing the equation 
mtheforn.; 2BaO + 


tflo arrows showing that it may take place in either direction. 

These reactions were the basis of the now obsolete Bria process. In 
this two difTcrent pressures were used instead of (wo different tempera* 
tures. 


Baryta was heatecl to <lull redness in purilied air in iron retorts under 
pressure, when it absorbed ox 3 *gen forming barium peroxide. The atmoe* 
pherie nitrogen w*as removed by a pump aocl the pressure reduced, when the 
peroxide decomposed, evolving pure oxygen. 

Barium peroxide heate<l in a closed vessel at a consUnt temperature 
deoompoese into baryta acwl oxygen. The oxygen molecules by collision 
with the baryta form barium peroxide again. A state of equilibruun is set 
up at a detinite pressure of oxygen. If the presAure of oxygen is raised the 
collisions become more frequent, combination takes place. an<l oxygen » 
ab8orbe<l by the baryU. If the pressure of the oxygen is decroaiwl, more 
peroxiiie <lec«ropo«e8. since leas oxygen returns to it by collisions, and if gss 
is c0ntinuQU9t!/ off all the peroxide is decompoRe<l (see p. 290). 


Technical preparation of oxygen. — Various methods have been used 
for the lafge*scale production of oxygen, but at present the two mostly 
used are the elsctrolytis of wsUr (with simultaneous production of hydro- 
gen), and the ^astieoA) distiUstioa of liquid air. 

One lyp^ of electrolytic a|>|>anilus consisU of an iron tank con Uuiing a 
solution of caustic soda, in which are immersed a number of iron bell-iars. 
each provided with an insulated iron electrode dipping below the mouth ol 
the bell. The electrodes are connected to the positive and negative poles ol 
a dynamo, and the oxygen and hydrogen gases libcrate<l i>oas inside the 
bell -jam and are led off through {upee. 


Most of the oxygen made is obtained from liquid air. This isobtaine^ 
as described on p. 131, in an apparatus using the Joulo.Thomson effect 
of free expansion. 

In the Clauds process the compressed air is used to ^vork an expansion 
engine, when the heat equivalent of the work done is extracted from 
the air : in this way it can be cooleU through 75-. 

The liauid air U a mixture of Uquid nitrogen (boiling point 9l> ) 
and liquid oxygen (boding point - 183-). The nitrogen is more vola^e 
and tends to boil off first in evaporation, although some 
rates with it. The separation of the two gases is brought about y 
letting the evolved gas bubble through liquid air ncl. m oxygon m a to 
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rectifying column. The oxygen in the ga« condenses and nearly pure 
nitrogen gaa passes off, leaving nearly pure liquid oxygen which is then 
evaporated. At first sight it might seem possible to obtain oxygen from 
liquid air by allowing the more vdatile nitrogen to boU off, leaving the 
liquid oxygen. The boiling points are too close to allow of this and the 
figures in the table below linde's experiments) show that such a 
process would be attended by great loss and could never give oxygen 
pure enough for industrial use. (Weight percentages are sliown.) 


% li^%nd nc< 

% 0, in 

% 0, in gc4 


tvaporoltd 

liquid 

tvapi^rciinq 

U/l in liquid 

100 

23 

7-5 

100 

fiO 

37-S 

15 

80 

so 

50 

23 

05 

20 

00 

34 

52 

10 

77 

52 

33 

g 


70 

18 


The process introduced by Linde in 1902 uses Jradifxnal in 

a rectifying column in which the escaping gas is scrubbed by liquid 
passing in the other direction. Claude in 1906 introduced the principle 
of liquefying the air In stages, obtaining _ 

two liquids, one rich in oxygen and the 

other in nitrogen, which are poured into * 

the rectifying column at the appropriate 

places. The column shown in Fig. 90 is ^ .... 

used in the Claude processes. ^ 

Compressed ale which has been cooled by ^ ^ 

expansion in an engine enlera at A. when it 

partly llqusfiee and enlers a vessel contain- ^ 

ing two sets of vertical lubes B. Liquid D 

richer in oxygen drains into A while gas * ^ . . 

richer in nitrogen rises and passes through \ 

the outer ring of tubee. Both eeU of tubes jmtfi* 

are cooled in Liquid oxygen in 3. The pert , 

liquefied in the outer ring is richer in nitrogen i i 2 < 

(since the gas is under increased pressure it ^ 

liquefies at the temperature of the liquid f 

oxygen) and the liquid rich in nitrogen col- -coSa 1 1 >. 

I«te in the annulus 0. This nitrogen -rich I B >? 

liquid is sent to the top of the upper recti- B 8 ^ 

fyi^ colxunn, where the nitrogen tends to (B)fFTT T 
boil off, Into this column the oxygen-rich 
liquid from X is discharged at L. The liquid 

running down the column D meets gas rich ^ 

^ oxygen rising from S. The liquid loess 

Its more volatile constituent nitiwen as aa ^ 

g«, «ha.t the rising g« i, iu 


Pit I 



160 


INORGANIC CHE.MISTRY 


ICHAP 


leas volAtUe const itiiont oxygen by the liquid, tike beet of condensation 
of the oxygen serving to eveporete the nitrogen. Finally, nitrogen gas 
escapes at the top of tl>e cohimn and liquid oxygen drops into ^ where it 
evaporates, the gns luissiikg through heat interchangers to compressors, 
which pnnip it into steel cylinders for sale. In practice it is not economical 
to make both pure oxygon ami pure nitrogen with the same api)Bratus ; 
when oxygen is made a nitrogvn<ricli gas is wautte and when nitrogen is 
made at) oxygen*rieh gas is waste. Sometimes anothor fmcaioTiating 
column below the apparatus U used. 


Oxygen gas is used in blowpipes witli hydrogen, coal gas and acetylene 
for welding and cutting metals (p, ll>fi). It is used in some industrial 
processes and meilicinaUy in cases of pneumonia and gas poisoning, 
and mixed with nitrous oxide, ether va|)our or other anaesthetic. Some 
carbon dioxide is often mixed tvith the oxygen, as this stimulates 
breathing, and carbon dioxide is also used in cases of poisoning and 
collapse for restoring respiration. Liquid oxygen mixed witfi powdered 
charcoal has been used as an explosive. 


Ozone 


History.— *\'an Manim in 1785 found that oxygen gas through which 
an electrical discharge had passed had a peculiar smell and tarnished 
mercury. This smell is ea^ily noticed in a physics laboratory when ex- 
periments on electrostatics are in progress. Cruickshank in IBOl 
observed the same smell in electrolytic oxygen, but the fact that it 
is due to a particular gas was first recognised in IH40 by Schonbem, 
who gave the substance the name crons (Greek, oad, I smelt). He 
found that it is also produced by the slow oxidation of phosphorus in 
moist air. is decomposed by heat, and is a powerful oxidising agent, 
liberating iodine from ^wtaasium iodide solution. 

Occunence. — The invigorating properties <if sea air are popularly 
attributed to “ ozone and this is prociuced by electric discharges in the 
atmosphere and especially by the action of ultra-violet light from the 
sun on the oxygen in the upiier layers of the atmospfjcre. According^ 
Paneth (1938) ordinary air contains one millionth of a per 
volume of ozone. If present in air in larger amounU than I in 20, OW 
ozone has an irritating action on the mucous membranes and is 


Preoaration of ozone.— A few sticks of phosphorus freshly 
under w'ater are placed In a sto()pered bottle with a little water. 'Vhon 
the fumes have subsided a piece of paper di(>i)c<l into a solution ot 
poUssium iodide end slercti ('• slarch-iodide paper ) mtrodu^ into 
the bottle is turned blue from liberation of lodmc by the ozone formed , 


2KI ^ Oj ^ HjO -2KOH *0*4- 1*. 

It is difficult to obtain pure ozone (which is explosive), but a 
of Mono^rt oxygen or «UI. air is easily made by the action of a edont 
electric discharge ” on these gases. Tlie best apparatus for the cx^n- 
ment is ozoai«r (Kig. 91). The oxygen or air B passed slowly 
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through the annular space between two glass tubes, the inner filled 
with dilute sulphuric acid or copper sulphate solution, and the whole 
&DDflratus olaced in a iar of the liquid. The 


Ot^m 






apparatus placed in a jar of the liquid. The o 

wires ftom a colt dip into the two liquids, Q 

which form electrodes and at the same time J 1 (7^ “** 

seree to cool the apparatus. The gas is 

conducted away through glass tubes witli ^ 

ground •glass joints, or joints of ordinary ^ 'X ' 

corks. Rubber is quickly destroyed by / 

osone. \T‘ 

Sieineu' ctoaiscr (f^g. 92) consists of tw’o L" 1 ' 
concentric glass tubes, the outer covered — , 
and the inner lined with tinfoil to form the — _ 

electrodes. 1 - 

The formation of ozone is shown by the y - 

smell of the issuing gas, which may con* * 

tain about 5 per cent of it by volume. “ ^ - 

By cooling the whole apparatua at 0*. < 1 » — . 

using a powerful coil, and avoiding sparks ,, . 

as much as 25 per cent by weight of the 
oxygen may be converted into ozone. 

Ozone is formed by the action of iiUra*violet light from u <piartt mercury 
lamp on oxygen, and is produced in some cliemical reactions, s.g. by the 
action of concentrated aulphunc acid on barium peroxide and by hooting 
periodic acid ; ozone is alM present in the air round hydrogen and hydro* 
carbon fiames. 



Flo. SS.^Siemon*' osontser. 

Warburg found that ultra-violet light of wave-length 209m/A produces 
ewme. and since the line US nv* b the only one from the mercury lamp 
strongly absorbed by oxygon It b probably the chenwcally active one. cor* 
'vspondmg (p. 216} with tlie energy 165 k.cal. Thb could dissociate the O 
molecule into normal atoms (118k. cal.). Warbuig found that two moleoulai 
ot o^ are formed per absorbed onergy quantum. It may be assumed tliat 
^0 formation of ozone, both by the action of the electric dbcharge and of 
^^^olet light w oxygen, involves thedissociatioii of the oxygen molecules 
atoms, which then react with oxygen molecules to form ozone : 

Ot = O + 0 ; 0, + 0«0|. 

quantum yield found by Warburg if one molecule is 
dissociated per quantum (p. 216) : 0, + 20. 
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Ozonised oxygen U formed by the electrolysis of sulphuric ftcid (sp. gr. 
11). A goo<l yield is obtnined vrith a hea\*y current and an anode [positive 
electrode) composed of a narrow platinum tube coated with glass, having a 
narrow line of metal exposed, and cooletl by a etroain of calcium chlori<lc 
solution At - 14°. 


Wlien ozonised oxygen is passed through a tube cooled in iiquid air 
a corntlower'bluc liquid separates, which is a solution of ozone in liquid 
oxygen. By strong cooling and evaporating under low pressure, violet* 
black crystals of pure solid ozone are formed, which on raising the 
temperature melt at >249*7^, and the liquid l>oiU at - 1 12*4^ forming 
a dark -blue ga.s which is pure ozone. The density, as determined by 
Dumas' method, corresponds with the formula 0,. Pure ozone is very 
explosive, since it is strongly endothermic with respect to oxygen (0|) : 

302-20,>68k. cal. 

Properties of ozone. — The pro|)ertie8 of ozone to be described refer 
mostly to a mixture of ozone with oxygen or air. 

Ozone U more soluble than oxygen in vater : 1 vol. of water at 0^ 
dissolves 0*49 vols. of ozone. It is more soluble in glacial acetic acid and 
in carbon tetrachloride than in water. Ozone is decomposed by heat 
and when the gas from an ozoniser is passed through a glass tube heated 
at about 300^ all the ozone is converted into oxygen : 

20,-30,. 

Ozone is a powerful oxidising agent and liberates iodine from a so)u< 
tion of potassium iodide : 

0, + 2KI + H,0 - 0, 4 1, + 2KOH. 

In this reaction the volume of the gas remains unchanged, since one 
atom of oxygen in the ozone moh'cule oxidises (he iodide and the other 
two atoms form a molecule of ordinary oxygen. 

Chlorine, bromine, hydrogen peroxide and nitrogen dioxide also 
liberate iodine from potassium iodide ; (hey are distinguished from 
ozone by the tests described on p. 157. 

Ozone has a remarkable action on mercury : when ozonised oxygen 
is passed into a clean dry flask containing a little mercury, the meniscus 
is destroyed and the metal adheres to tfic giaw. On shaking witli water, 
the mercury recovers its original form. AceurtUng to Hodgson (1924) 
this action Is due to oxidation to Hg,0 which dissolves in mcreury. 

Ozone Is decomposed when shaken u if h pow'dereci glass, and catabii* 
cally in contact with metallic silver and platinum, and with manganese 
dioxide, lead dioxide, and silver, cobalt and iron oxides. 

Warm silver is blackened by ozone, and silver oxide is probably 
alternately formed and reduced : 

2Ag + 0,-Ag,0 + 0„ 

Ag,0 4 0,-2Ag4 20,. 
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Barium and hydrogen peroxides react with ozone : 

Ba0, + 0, = Ba0 + 20* 

H,0, + 0,*Hg0 + 208, 

but the gas has no action on chromic acid ot potassium permanganate. 
Sulphur dioxide is oxidised to the trioxide : 3SO) + O 3 — SSOj. This 
is one of the few reactions in which the ozone molecule oxidises as a 
whole : another is with stannous chloride solution : 

3Sna, + CHCl + Oj -aSnCl* +3H*0. 

Ozone bleaches indigo solution and vegetable colours, and converts 
moist sulphur, phosphorus, and arsenic into tlicir highest oxy*acids. It 
liberates halogens from their hydraclds : 

2HCl + 0,-Clt + H,0 + 0, 

12HI 4 40,-01, 4^6H,0 4^30,. 

The liberation of iodine from potassium Iodide : 

0, 4 2KI + H,0 «0, 4 1, 4 2K0H 

occurs in a neutral solution, which then becomes alkaline. If a piece of 
neutral litmus paper ts moistened with potassium iodide solution and 
exposed to a gas containing ozone, the wetted portion is turned blue 
owing to liberation of alkali. 

In the determination of ozone, the iodine liberated from a neviml 
solution of potassium iodide may be titrated with sodium thiosulphate 
after sliglit acidification. Another method depends on the oxidation of 
sodium nitrite solution : 


NaN0,4 0,-NaN0,4 0,. 
kloist iodine is oxidised by ozone to iodic acid : 

I, + 50, 4H,0 - 2HI0, 4 60,. 

I>ry iodine is converted into a yellow powder 1,0, without change of 
volume of the gas: 21,4 90,-1,0,4 90,. An alkaline solution of 
poUasium iodide is oxidised to kdate (KIO,) and periodate (KIO,). 

0»ae is used In oxidising soirw organic compounds ; it combines with 
double linkages to form ozonides, which are decomposed by water e a 
With ethylene : 

H,C=CH, 4 O, a 

I I 

O 0 

HiC 

Wluch with water gives formaldehyde j| and hydrogen peroxide H,0. 

O 


formulaof ozone.— Schonbein found that ozonised oxygen passed 
polssamm iodide, and ^e gas then appeare to be ordinary oxygen. 



154 


INORGAOTC CHEMISTRY 


— — * [CHAP 

Jlarignac and de U Rive (1845) and Shensione and Cundall (1887), 
found that pure dry oxygen can be ozonised by an electric dis- 

charge. Briner and Durand (11H)7) converted a 
confined volume of oxygen completely into a blue 
liquid mixture of ozone and oxygen by the silent 
discharge in a tube of dry oxygen, C4x»led in liquid 
air. These experiments show that ozone is merely 
a modification of oxygen. 


/ 








B 


O 


Fio. OS.^Aadrewe 
and Teit's experi* 
menu on ozono. 


This conclusion was also reached by Andre^^'8 
(1856). who dried electrolytic ozonised oxygen by 
sulphuric acid and passed it through two bulb* 
tubas, A containing potassium iodide solution, snd 
B concentrated sulphuric acid. The increase in 
weight of the two bulbs was exactly equal to the 
oxygen equivalent (Os],) of the iodine liberated. 
The bulb A was then replaced by a g1s»M tube heated 
to 400*. The weight of the bulb B remained con* 
St ant, showing that the gas contained no hydrogen. 
Anflrews aUo found that ozone prepared in different 
ways (electric discharge, electrolysis, oxidation of 
phosphorus) has the same properties. 


Andrews and Tait ( 1860) hi led a tube /( (Fig. 03) 
with dry oxygen, which communicated with a sulphuric acid man* 
ometer B. .Sulphuric acid is without action on ozone. After the 
silent discharge, a maximum contraction of ono*twelfth was observed, 
hence ozone is denser than oxygen. When the tube was heated to 
300^, the original volume was restored. A glass bulb of tncrct^ 
broken insirle the tube by means of a short length of glass rod which 
could bo shaken on it. was converted into a black powder, and a 
variable volume of gas remained. 

A bulb of potassium iodide solu* 
tion broken in the gas produced 
iodine, and the volume of gas re* 
mained uncliangcd, although it no 
longer expanded after healing to 
300® and was therefore completely 
converted into oxygen. 

Odling in 1861 pointeil out that 
the reactions could be explained 
on the assumption that the for- 
niuia of ozone is 0^ : 

2KI+08(1 vol.) + H,0- 

2KOH^O,(l vol.) + I,. 

The formula 0.*„ will obvjou.sly 
give the same result, but Oj is 
ex 




Pjo. 94.— Sorvl'fl first sxpsriiBonta 
on ozone. 

the simplest, and there were 


no 


nprimenta pointine to a more complicated formula. 

KlIinK’s formula waa confirmed by Soret ‘ h^d^trov 

xi>eriments. Soret pointed out that oxidisable bodie., which destroy 
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02 onc without change of Tolume, such as those used by Andrew's and 
Tait» gire no indication of the density of ozone. 

In order to find the volume of ozone in the mixture, some solvent or 
absorbent is necessary w'hich takes up the whole of the ozone without 
liberating oxygen (as is the case with potassium iodide). By com- 
paring the contraction on absorption with the expansion on heating 
(or contraction on ozonisation) it would be possible to determine tlie 
formula. 

Suppose that ]0O vole, of ox^'gen oti otontsation contract to t)0 vola. If 
ozone is 0,, tJie equation 30a s 20, shows that 30 voU. of oxygen form 20 
vols. of ozone, giving 70 20 s 00 vols. of in all. 

On heating, the 20 vols. of ozone give 30 vob. of 
oxygen, an expansion of 10 vols. If t lie ozono were 
absorbed, there w'ould be a contraction of 20 vok. 

If the formula of ozone is O4, 20 vols. of oxygon give 
10 vole, of ozone : 20, s O,, giving $0 e lU^ QU vols. 
of gM : the contraction on absorption vrould be 
10 vols. and the expansion after lieating 10 vole. 

Tht Jormvia 0| requires that (fu ccntraciion oh 
obicrptim fhall bt douUt the expansion afUr 
healing. 

Soret found that suitable absorbents for ozone 
were certain essential oils, such as oil of cinnamon 
and oil of turpentine. He took two flasks, of 
250 ml. capacity hi led with ozonised oxygen 
over >vater (Fig. 04). In one flask the ozone was 
absorbed by tuf|»ntine, when dense white fumes 
were produced ; in ilie other it w as decomposed 
by heating the flask by a flame. The contraction 
in the first flask w'as found to be almost exactly 
double the expansion (after the gas had cooled) 
in the second. Thus, Odling‘s formula Oj was 
confirmed. 95 .— Nowth’s 

wpparatun. 



inner fllted into tlie 


The appnratus shown in Fig. 05, devised by Xewtii 
(15D6). consists of two concentric glass tubes, the 
outer by a ground-glaas ioint. The inner tube contains dihite sulphxirlc 
acid and the apparatus, praviously filled with dry oxygen, is supported in 
a jar of water and crushed ice. Two wires from a coil dip into tlie liquids. 
oy means of projections from tlie inner and outer ttibes a lliin glass 
^be a containing oil of turpentine or oil of cinnamon is held in position iit 
the annular spaca. The manometer contaming concentrated sulphuric 
acid coloured with indigo communicates with the apparatus, and the 
wygfin IS ozonised. Tlie contraction ia read off the gauge. Tlie inner 
IS then twisted so as to break tlie tube of oil of turpentine, und after 
^rption tlie furtlier contraction b raad off. It wiXi be found that the 
contracuon on absorption is twice tlie contraction on orxrtusalign. t.c. 

» ‘ ‘p- '»">• 
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double the expansion which would have occurred on decomposing the 
02one by heat. In each case, before reading the volume, adequate time 
must be allowed for the gas to assume a constant temperature. 

Soret In his second research (1868) used Graham's law of diffusion. 
If otone has tlie formula O9 (density 24, H « 1 ) it should diffuse rather 
more slowly than carbon dioxide (density 22) but more rapidly than 
chlorine (density 35*5). The diffusion rates are inversely proportional 
to the square roots of the densities : 


Rate of diffusion of CO{ •J24 Rate of diffusion of Cl, J24 
Rate of diffusion of O, J'12* Rate of diffusion of 0, >/35*5 


Soret allowed the gases to diffuse into pure oxygen and measured the 
rrhtiir diffusion v/V of each gas mixed with oxygen, where v is the 

volume of gas diffusing and 1* the total 
volume present in the original mixture. The 
rate of diffusion of oxygen in both direc* 
tions was tlie sante : the rates of diffusion of 
the other gases were (i) proportional to the 
numbers of molecules present in a given 
volume (measured by T) and (ii) inversely 
proportional to the square roots of the densi* 
lies. The ratios tf/V were therefore inversely 
proportional to the square roots of the den- 
sities of the diffusing gases. 



FlC. t)6.^8oret’i diffusion 
apparatus. 


Tlie apparatus (Fig. 66) consisted of three 
glass tiik^ B\ B and C. placed over sulphuric 
acid in E and separated by sliding glass platw 
with holes, so that the tubes could be put in 
communication or ao]>aratod. B' wns niJo<l 
with pure oxygen. B was first full of acid and 
the mixture of one of the gases with oxygen. 
pre|iaro(l in C« was transferred to B by slid- 
ing the glass partition 0. The glass plates 
between B and B' hod perforations which 
could be brought between the two cylinders 
by slUling the plate o'. Diffusion from B 
to B’ was aUowe<l to go on for f<»rty*fivo min u tea. when the |)let© o 
was eli<l back an<l the cylinders again isolated. The gas in B' couki be 
<J riven out into a 8»)lution of baryta when carbon dioxide was diffuse<l. or 
potassi u m iodide for ch lorino or osone . The rat io of t he osone in t he origixia I 
gas and in the gas in B' was det«rmine<i from the ratio of the amounW of 
iodino liberatwl by the gases. If «, m' are the amounts of iodine liboroted by 
the cas in B’ and that remoming in B, respectively, then WV = «/(« + « )• 
The relative rates of diffusi<»n were found to be : chlorine, 0 227 i ozone, 

0-271 ; carbon dioxide, 0 290. n oia Thp 

The ratio of tliese values fof ozone and chlorine is 227/2/1 - 0 ess* 
inverse ratio of the square routs of Ihc densities, assuming that ozone is O,. 
is V'24/3o^ = 0-822. Tho diffiisi^m ratio for carbon dioxide and ozone is 
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271/290^0 '93, vhUst invecM »tio of the aqu&ro roots of the deneitiee, 
agcis esaujuing 0^. isV29/24s 0*95. The agreement b to 3 per cent, which 
U satbfaetoiy ae the ozonieed oxygen contained only 5 per cent of ozone by 
volume. 


Brodie (1372) in a very careful research showed that the only formula 
of ozone which i^reee with all iU reactions is 0,. 

Ladenburg In 1 898 obtained nearly p\ire ozone by the evaporation of 
the liquid ar^ compared the times of effusion of equal volumes of this 
gas and of oxygen in a Bunsen's effusion apparatus ; he found a density 
of 22, in satisfactory agreement with the formula 0$. and the density 
24 wss found in 1922 with pure ozone in a Dumas’ ap{>aratus by 
Riesenfeld and Schwab. 


The shape of the ozone Oa molecule is definitely known to be tri* 
angular from eIectroQ*difiraction exparimenu (p. 439). The ring formijla 
with single bonds I is not In agreement witli tlie ebeorption spectra and 
the bond lengths (1*26 A., much shorter than 1*46 A. for 0—0). It is 
supposed that the molecule has one double bond and one coordinato 
link (p. 413) and the actual state is a resonance hybrid (p. 437) between 
such forms as U. and The bond angle is doubtful, values of 127* 
and 51}* being given by different interpreutions of electron diffraction 
results. 


0 0 0 
I- /X n. HI. 

0—0 00 00 


Tests for ozone. — The difficulty of detecting ozone when there 
is not enough to show iU characteristic smell (I volume in 500.000) 
is that chlorine, bromine, hydrogen peroxide vapour, and some oxides 

of mtrogen (N^Oj.NOii^jO^) also liberate iodine from potassium 
iodide. 

Teal papera prepared by soaking filter paper with alcoholic eolutions of 
the reagents below react as stated i they are unaffected by hydrogen 
peroxide j / ^ e 


Tetramslhybbase 

Bsasldine 


violet blue 

brown blue, then red 


Oxidu oj nttfe^n 
etraw.yellow 
blue 


Hydrogen pero^e vapour and oxidea of nitrogen may be removed by 
peming the gas through a solution of chromic acid. ^ 

Hydrogen peroxide and ozone are decomposed by passing the gas over 
msr^anese dioxide, whilst oxides of nitrogen on and will decolorise 
^ute ^rmanganate solution. The tatter will absorb oxides of nitrogen 

^ Hydrogen peroxide is 

detec^ by bubbling the gas through a soluUon of pou^um ferri- 
cyanide and feme chloride, which is tunied blue. 

Tec^cal utilisation of ozone.— Air or oxygen U ozonised on 
technical scale by the sUent electric dischargef Tlie Sitmsns and 
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ozooiser (Fig. 07) consists of ft bftttery of glass or porcelain tubes with 
internal tubes of ftluminium, enclosed in an earthed iron tank of water 

to cool the apparatus. 
The aluminium tubes 
are charged to a po* 
tential of SOOO-10.000 
volts, each battery of 
6-8 tubes requiring half 
a kilowatt of power. 
The Ozouir apparatus con- 
sists of two sheetd of 
aluminium gauze sepa- 
rated by a plate of in- 
sulator. several units 
being enclosed in a case 
and alternate plates 
charged and earthed. 
The best production 
amounts to about 40*60 
gm. of ozone per kilo- 
watt* hour, at a con- 
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centration of 2 gm, of otone per cu. m. of air. With pure oxygen. 
120-180 gm. are obtained. The yields are about G and 15 per cent of 
the theoretical with air and oxygen, respectively. 

Ozonised air is used in the sterilisation of water, when it is bubbled 
through the Altered water in a Ull column (2 gm. of ozone per cu. m. 
of water) ; also for purifying air {e.g. in under j^und railways) and 
for oxidation processes (<.p. tso-eugenol to vanillin). The purification 
of water is its most important use : the plant supplying Paris deals with 
24.000,000 galbns daily. 



CHAPTER XII 


HYDROGEN 

History. — Hydrogen gas was prepared by Boyle from steel filings and 
hydrochloric acid, and from iron nails and dilute sulphuric acid (p. 30), 
although Van Helmont (d. 1644) had described an inflammable gas {gas 
pingue). It was carefully investigated by Cavendish in 1760 and called 
by him inftamviabU air. 

Occurrence. — Free hydrogen U said to occur in amall quantities in 
some volcanic gases ; those evolved in the eruption of Mt. Pelce in 1902 
contained 22-3 per cent hydrogen. It also occurs in amail cavities in 
rock-salt, and various minerals and rocks, such as apatite, serpentine, 
gneiss, blue- clay, Peterhead granite, basalt, and beryl, evolve hydrogen 
on heating. Meteorites composed chiefly of iron with nickel and cobalt 
contain hydrogen. The spcctroacope abows that the outer atmosphere 
of the sun consists largely of hydro^n ; tliis gu U the chief constituent 
of the solar prominences, which may reach out from the sun ’a disc 
Mmetimes as far as 500,000 mi lea into space. Hydrogen ia produced 
in certain typea of fermentation of carlwhydrates brought about bv 
specific bacteria. ^ 

Hydrogen in combination is more common. With oxygon it forms 
water H,0, and with carbon a Urge number of compounds called liydro- 
carbons ; the gas issuing from fUsures in coal often consiste of nearly 
pure methane CH^ and more complicated hydrocarbons make up 
petroleum. All animal and vegeuble matter, and coal, contain hydro- 
hydrogen compounds found in nature are hydrogen 
sulphide (H,S) and phosphide (PH,), ammonia (NH,), and in volcanic 
gaaes hydrogen chloride (HCI), bromide (HBr), and iodide (HI). 

Hydrogen may be obtained in a Urge number of 
different ways only a ftw of whiok art amvenient for Ike laboratory 
prepa ration ; some are used in industry and not in the Uboratory . These 
methods may be classified as foUowa 

1. From water i 

(o) by eUeirotyeie i 

(6) by Che action of meiaU ; 

(c) b>’ tlie action of cordon. 

2. From ati<U by tlie actions of metaU. 

3. Prom aUcalie by tht actiwi of metals. 

4. Miscellaneous industrial processes. 
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Hydrogen from water. The different methods are ; 

(1) By elecfrolifsi^. Hie water voltameter is explained in Chapter 
IV. Water acidulated with dilute sulphuric acid Is commonly me^, 
but a dilute solution of sodium or barium hydroxide may be used. 

Rather less than 1 vol. of oxygen to 2 vols. of hydrogen is evolved, partly 
on account of the greater solubility of oxygen in water compared with 
hydrogen ( 1*8 to 1 ), and partly owing to oxidation of the sulphurie acid to 
persulphuric acid HyS, 0« at tlie anode. Some hydrogen peroxide H|0| is 
h>rmed at the cetliode. The presence of these oxidising agents may be 
shown by a<l<ling a solution of potassium iodide and starch, when a blue 
colour, (l\ie to liberation of iodine, appears. The oxygen may also contain 
a little ozone. If the liquid is electrolysed hot or phosphoric acid is used 
instead of sulphuric acid, no ozone is formed and the volumee are nearly 
in the ratio 2 : 1. 


If the anode consists of a pool of sine amalgam in acidulated water, 
the oxygen liberated combines with the zinc and only hydrogen is 
evolved from the platinum cathode (Bunsen's voltameter). 


Furs hydrogen is beat prepared by the electrolysis witli nickel electrodes 
of warm saturated barium hydroxide solution. The gas is passed over hot 
platinum gauze (not platinised asbestos, which forms a trace of silicon 

hydride) to bum any oxygen in 
it, then dried by potassium hy- 
droxide (not concentrated sul- 
phuric acid, which forms a little 
Bulphur dioxide by redxiction} 
and pure redistilled phosphorus 
pentoxide. The gas may then 
conUin a Utile nitrogen (from 
air leaks). It is passed into an 
exhausted hard-glasa bu)b con- 
taining meUllic palla^lium, which 
is eently heated. Only the hydrogen is al>sorbo»l by the palladium. The 
ni^gen is pumped out an<l on 8l^^ngIy heating the palladium, pure 
hy<lrogen is evolved (Fig. 28) 

(2) By the acli&n of mttaU. The mcUls lithium, sodium, potassium 
and" calcium act on water at the ordinary temperature, the firet three 
violently but calcium only slowly unless the water is hot, when the 
action is more vigorous. 

The heat evolved seta fire to the fiydrogen given off from a email pi^ 
of i>ota8sium floating on water, the gas burning with a flame co ou 
lilac by potaissium vapour ; • 

2K f 211,0 -2KOH^ H,. 



Pjq, 9 S.— prepsratmn of pure hydrogen. 


• TliA fiued Mlel>uk* Mi on the water aAor *1*® 

that it is nafer to placo a bol|.,er at Dw top) over Iheoisn. 


HYDROGEN FROM WATER 

The reaction with eodium is less violent and tho hydrogen does not 
ignite and bum unless the metal is kept in one place on the surface of 
starch-jelly, when the hydrogen bums with a flam© coloured yellow by 
sodium vapour : 2Na + 2H,0 - 2NaOH + H,. 

Sodium amalgam acts slowly on water. The amalgam containing 
more than 1 of sodium to SO of mercury is solid at room temporaturr. 

Small pieces of clean sodium are pressed one by one under Che Burfaoe of 
dry mercury in on iron mortar. Each piece diasolvea with a flesh of light, 
poisonous fumes of mercury vapour being evolved. The amalgam ia filaced 
in a porcelain crucible in a basin of water, under an inverted jar of water. 
Gradual evolution of hydrogen occurs, metallic mercury being left. 

H. B. Baker and L. H. Parker (1913) found that if the amalgam ami 
water are very pure, the acUon is alow, bubbles of gas appearing only nt 
isolated points on the surface of tlie amalgam. If ordinary distilled water 
is added, the evolution of gas is accelerated, apparently owing to the pre- 
aence of hydrogen peroxide in the water. 


A piece of calcium may be used in the expeHment : 

Ca + 2H,0-Ca(0H), + K|. 

The gas obtained from calcium may contain a little acetylene, from 
some calcium carbide in the metal. 

Cold water is decomposed by amalgamated aluminium (made by 
rubbing aluminium foil with damp mercuric chloride) : 

2A) * 6HtO • 2Al(OH)| + SH,. 

Hot water is decomposed by aine- copper couple (made by pouring a 
solution of copper sulphate over granulated zinc) : 


2n + 2HtO-Zn(OH),‘fH,> 

and boiling water is slowly decomposed by magnesium powder : 

Mg + 2H,0-Mg(0H), + H,. 

Steam is decomposed by heated magnesium, zinc and iron : 


Mg + H,0 -MgO + K, 

Zn4^HtO-ZnO^H| 

3Fe + 4H,O^Pe,04 + 4H,. 

“^e action with magnesium has been described on p. 30 • the 
hy togCT may bo collected with a suiUble apparatus (see Partington 
School Couth of Chemistry^ Chap. XITT) ® 

The action of iron on steam is described on p. 39. It is reversible - 
to h^ted iron the hydrogen formed tends 

® hydrogen is passed over 

healed iron oxide the steam formed lends to oxidise the iron again. 

Allexpenmeolsivith 
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Wien a mixture of hydrogen and steam in the correct ratio is passed 
over a heated mixture of iron and oxide of iron, no change occurs either 
in the gas or in the solid mixture, and the one mixture is therefore in 
chemical equilibrium with the otlier. The fact that such a sUte is 
possible depends on the reversibility of the reaction. Equilibrium U 
aflatntd u’hen tiro opposing naclioM procs^d with equal velocities. The 
same equilibrium sUte is reached by starting either with iron and 
steam or with iron oxide and hydrogen. 

If a given weight of iron is taken and a large excess of steam passed 
over it, the red-hot iron will in the end be completely oxidised : a given 
weiglu of red-hot iron oxide when exposed to a current of hydrogen in 
excess of amount required by the chemical equation will in the end be 
completely reduced . Thia effect is sometimes called the action of mass. 

Hydrogen from acids. — The usual laboratorg method of preparation 
of hydrogen is to act upon granulated zinc in a flask or Woulfe'a bottle 



with dilute sutpfiuric acid (1 vol. cone, acid to 5 vols. of water) or dilute 
hydrochloric acid (1 vol. cone, acid to 4 vols. water), poured in through 
a thistle funnel (Fig. 90). Zinc sulphate or chloride is formed in 
solution and the hydrogen evolved is collected over water : 

Zn + H,S 04 -ZnS 0 * + Hj 
Zn + 2Ha-ZnCl, + Hj. 

Instead of a flask a Kipp’s apparatus (Fig. 23) may be used, tlie 
being in the central globe and acid |>oui^ in until the lower bulb is full 
ai id t he meta I covert. When the ta j) is closed cvol iition of gas continue 
until the Lquid is forced by pressure partly into the upper globe and the 
metal is brought out of contact with the liquid, when the action ceases. 

The Kipp’s apparatus may be used for the j^neration of gas from any 
liquid reagent and a solid which can be obtained in the form of lumps 
which do not disintegrate in contact with the liquid, e.g. carbon dioxide 


XJl} 


HYDROGEN FROM ACIDS 


163 



Fio. loo.— Oryins 
tower. 


from marble and hydrochloric acid, and hydrogen .sulphide from ferroua 
sulphide and hydrochloric acid. 

The gas from comraefcial zinc and acid may be jmrijitd hy passing over 
red'hot copper turnings, or through waah*botiles conUining a saturated 
solu^on of potassium permanganate, followed by 
bottles containing a 5-10 per cent solution of silver 
nitrate. Impurities such as hydrogen sulphide, phos- 
phide and arsenide, and oxides of nitrogen, sulphur 
dioxide, and volatile hydrocarbons, are removed. 

Unless hot copper is used, a little oxygen remains, 
but this may be removed by a solution of chromous 
chloride or by passing over red 'hot copper. On a 
large scale, bleaching powder or a solution of bromine 
is used to remove arsenic compounda. 

Hydrogen is dried by passing over granular 
calcium chloride, or broken aiiMS of potassium 
hydroxide, in a tower (Pig. 100) ; final drying 
may be effected by phosphorus pentoxide dusted 
over plugs of glass-wool in a tube. Sulphuric acid 
should not be used, as a little sulphur dioxide is 
formed r H^0| * U««S0t unless the acid 

is cooled in a freetlng mixture. 

Since hydrogen is very much lighter than air it may also be collected 
by upward displacement (Fig. 101).* 

Hydrogen is also evolved by the action of dilute liydrochloric or 
sulphuric acid on iron (which gives a rather impure gas with an 

unpleasant odour due to tlie presence of hydro- 
carbons. hydrogen sulphide, hydrogen phospliide 
and silicon hydride, from impurities in the metal) 
or magnesium (which is expensive but gives a 
pure gas), or by the setion of hot concentrated 
hydrochloric acid on tin : 

Fe + H,S04-FcS04+Ht 

Fe^2Ha-FeCl, + H, 

Mg + H^SO^ - MgSOi + 
Mg+2HCI-MgC4H-H, 
Sn-^2HCl-SnCn^-^HJ. 

Before colUeiin^ hydrogen gnat cart mutt be iaien to ensure that all the 
< 2 tr fuu been displaced from the apparatus since a mixiun of hydrogen with 
air to explosive. 

f P* collected in a test-tube and a 6ame applied j the 
gas in the tube should bum slowly and quietly and not explode. (The 


Flo. lOl.^CoUeeiing 
s gM by upward dis- 
pU«sm«ot. 


mere 


*Tbe student toay note that 
do^ward diapUeaMnt of air ** 


upward displacemeat 

* downward di^da _ _ _ 

A diagram ia adviaabia 


IS sometunee called 



164 INORGANIC CHEMISTRY [chap 

absence of explosion is misleading, since the first portion of gas collected 
inny be air an<l tlie gas following this is highly explosive.) 

Copper and lead are not dissolved by dilute acids with evolution of 
hydrogen, and the action of nitric acid on metals nearly always gives 
oxides of nitrogen, not hydrogen (p. 537). With magnesium and cold 
Vfry diluU (I per cent) nitric acid, hydrogen is evolved : 

Mg+ 2 HN 0 ,-Mg(N 05 )j + Hj. 

The rate of liberation of hydrogen with a particular metal depends 
on the $trtngth of the acid 1 which must not be confused with tbe con* 
centration). 

Arrange three flasks with <lelivery tubes under burettes in a pneumatic 
trough (Kig. 102). In each place 5 gm. of sine, and pour in 50 x^. of solu* 



F]0. ) 02 .—Experiment to compare raios of evolution of hydrogen by 

zinc from different acids. 

tionn of hydrochloric (30 5 gm. i>er litre), sulphuric (49 gm- per litre), and 
acetic (00 gm- per litre) acids. All these contain I gm. of acidic hydrogen 
per litre. Add 1 ml. of dilute copper sulphate solution to each, and after 
a minute fit on the corks and observe the rates of collection of gas. The 
'• strong ’* acids (hydrochloric and sulphuric) react much more rapidly tJjan 
the “ weak '* (acetic), and hydrochloric acid more rapi<ily than aulphuric- 

Hydrogen from alkalis. — Zinc, aluminium and silicon decompose 
iwlassium or sodium hydroxide solution, evolving hydrogen and form- 
ing solutions of pota-ssium or sodium sincate, alurainate and smcaic, 
respectively : + 2KOH - K,ZnOj + Hj 

2AI +2NdOH ^ 2H,0 - 2NaAIO, + 3H, 

Si 2NaOH + HjO -Na^iOa 2Hj- 

Industrial preparation of hydrogen.— The reaction between steam and 
iron Is used for the tech ni ca I preparation of hydrogen . Spongy ir^ rom 
the reduction of spathic Iron ore (ferrous carbonate) is heated to redness 

and steam passed over : + 4H,0viFe,04 + 4Hj. 


XJI] PREPARATION OF HYDROGEN W> 

The hot fcrrosoferric oxide is then rediictKi with wfttergas : 

FeA4-4H,»3Fo + 4H«0 

FejO*+4c6-3Fe+4CO,. 

Water gas is made by passing steam orer red-hot carbon and U a 
mixture of carbon monoxide and hydrogen with a ainaller aoiount of 
carbon dioxide : c + H,0 -CO + H, (brighl nd heat) 

C + 2H3O «COt + 2H, {dtili-red heat). 


Hydrugen u also inatie fruni water gee. In <me process the carlxm 
monoxide is removed by strong cooling, when it lupiolies (b.p. - 10 
leaving the hydrogen gaseous (b.p. - In umdher process, water gas 

is mixe<] witli of steam and passed si 450^ over a )ieute<2 caUlyst con- 
sisting mainly of oxide of iron (FeiO^) wiUi some oxiilos of nickel and 
chromium w*hich act as promoters i.e. inereaxe the activity of the 
catalyst. The carbon monoxide is mostly oxidised to carbon dioxide and 
more hydrogen u set free from tlie steam : 

C0 4H,0s*C0,-rH|. 

Since this reaction is reversible, excess of steam is used and a little carbon 
monoxicle remai ns in the gas . The carbon <\ ioxide is romo vc<i by a bsorption 
in water under 2$ atm. preasure. en<l tlie carbon monoxicla by absorjitiuu in 
ammoniaeal cuprous formate solution nnclor 300 atm. pressure. Largo 
quantities of pure hy<lrogen are made in this way for tJie manufacture of 
synthetic ammonia (p. 623). 

Hydrogen can be made on a aemi-technical scale for filling military 
balloons (when cylinders of compressed gas are not available) by tlie 
action of hot 30 per cent sodium hydroxide solution on silicon or ferro* 
silicon (an alloy of iron and silicon rich in silicon) r 

Si + 2NaOH + H,0 -Na^iO, + 2H,. 

The sction of water on an alloy of lead and sodium, or on calcium 
hydride, has also been used : 


CaH,+2H,0-Ca(0H),+2H^ 

Hydrin is formed in some fermentation reactions, e.g. along with 
carbon dioiude in (he industnal production of butyl alcohol (C,H„0) and 
acetone (C,H<0) by tlie anaerobic fermenUtion of starch j 

c;h„o,«c*h,.o+2CO, 

C,H„0* + 2H,0=5 C,H.O + 3CO, + 4H,. 
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density relative to air » I is 0-069) ; coal gas is often used for balloons 
as it contains a good deal of liydrogen. but attempts have been made to 
replace hydrogen by helium (which U twice aa hcav>*) as the inOam. 
inability of hydrogen makes it dangerous for such a use. Hydrogen 
is used in the s.>'nthesis of ammonia^ for hardening vegetable or 
animal oils by converting them into solid fats, for hydrogenating 
petroleum fractions, coal and other organic compounds, for lead 
" burning (autogenous welding without solder, by a hydrogen flame), 
and in blowpipes. 


Properties of hydrogen. — Hydrogen is a colourless gas which has no 
smell or taste when ptire. It is $|>aringly soluble in w'ater and the 
solubility is not much affected by change of temperature (p. 65). 
The solubility of hydrogen in alcohol is four times, and in petroleum 
three limes, that in water. Hydrogen does not support respiration 
although it is not poisonous (unless it contains arsenic hydride as 
impurity). When breathed, mixed with some air, for a short time it 
weakens the voice and raises its pitch. Hydrogen Ik a better con* 
ductor of heat than other gases, its conductivity being about five 
times that of air. Its specific heat is also abnormally high, c, -3*4 
at 0*. If a spiral of platinum wire, heated to redness by an electric 
current, U inscrtwl into an inverted jar of hydrogen, the wire ceases to 
glow*, on account of the increased loss of heat to the gas. At high teni* 
iwratures dissociation of hydrogen molecules into atoms occurs : 
H 2 ^ 2 H,thc reaction absorbing a large amount of heat (about 100 k. cal. 
per gni. mol.). 


Tlie sjjectnun of hy<lrogen, obtained by an electrical discharge iei a 
Geissler tube, contains four briglit lines, <lue to atomic liydrogen and i^wl 
in calibrating s|>ectroscop« or refract ometere : a re<l line H* (tVaunliofor s 
C), 6662 A. ; a blue lino. 4340 A. ; a greonish-blue line. Hi (Irovo- 
hofer's Fl. 4861 A- ; and an indigo ime, H 4 . 4102 A. (I Angstrom unii- 
A. a l0-‘* metre = 1 0 "• cm. ) 


Liquid and solid hydrogen.— Hydrogen is llc|uefied and solidified 
only with difficulty : the gas warms rather than coob by free ex- 
patision (p. 130) unless it has first been strongly coo^ by ^ 
The lUnii'l and solid are colourless ami transparent. Olsscttski in ISDo 
found tliat the sliglit healing effect jiroduced by cxpan.sicn 
valve at the ordinary temix^rature. changes on cooling to -B O. 

1 13 atm. into a cooling effect. This inversion ^int 

in the liquefaction of hydrogen first to cool the gas stroiiglj 

'^Cqu'w'hvdrogen was first obtained in bulk by Dewar in 
the Koval institution in London. By wmt>r^ing 
atm., cooling it to and expanding it through a valve, 

obtained colourless liquid hydrogen, readdy boding oB. 
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Liquid hydrogen may be preiare*! in tli© iiwdilkation of Travers’ appara* 
tus devised by Nernst (Fig- 103). Compressed liydrogen enters throng)) 
the copper coU A and passes through an extension A‘ of the coil immerHC*! 
in liquid air in a large Dewar vessel. The cooled gas then |)a»<sc8 through 
an extension of the coil A'\ composed of (wo coils in parallel inside a small 
Dewar tube completely enclosed in a brass vessel B. A( (he end of this coil 
is an expansion valve V operated from outside. In (lie tulie A" the (ire* 
viously cooled gas is liquefied by (he cold expanded gas from the valve 
sweeping over the coil, and liquid hydrogen collects in the inner Dewar 



Fio. 103.— Pieparatioo of liquid hydrogen. 

The cold hydrogen gas paseee out through a copper coil C wound in 
coQCMt with the coil A, and takes heat from the incoming hydrogen in A. 
the liquid eir boiling in the outer Dewar vessel gives of! cold air which 
P«»« out through a copper coil D, wound between the two coib A and 

incoming hydrogen. The brass 
^ J ^ together, to pennit of the inner Dewar 

per hour. 

Uquid ^ second, and the use of about 300 ml- of 


deSiitv Ofote* with the very email 

oewity of 0 07105 at ita boiling point, -252-76‘. By rapidly evapora- 
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tinir the liquid under reduced pressure in a tube immersed in liquid 
hydrogen in a double Dewar vessel (Fig. 104), it freezes to a colourless 
transparent solid, or a white snow-like mass, m.pt. -259^. At the 

temperature of liquid hydrogen all other gases 
except helium and neon are frozen to solids 
which at the extreme cold show practically no 
vapour pressure. 

If a Geiasler tube containing air is attached to a 
bulb containing charcoal, and the latter dipped into 
liquid hydrogen, the vaeuura in the Geiaaler tube 
b^omes so intense that no electrical discharge will 
pass even with a powerful coil. 

If liquid hydrogen is i>oured into an ordinary 
teet'tulU. a u hite coating of ice at once covers the 
outside. From this, drops of liquid air are seen to 
fall. 

Kio. 104.— Preparation - . tt j 

of solid hydrogen. Chemical properties of hydrogen. — Hydrogen 

forms compounds with a Urge number of ele* 
znents, in many cases by direct combination : antimony, arsenic, 
barium, boron, bromine, calcium, carbon, chlorine, copper, fluorine, 
iodine, nickel, nitrogen, oxygen, palladium, phosphorue, potassjum, 
selenium, silicon, sodium, strontium, sulphur, tellurium, and several 
rare metals, all form hydrides. 



Hydrogen burns in oxygen or air to form water : 2H, + 0,-2H,0, 
but does not itself supiwrl combustion, as may be shown by psaaing a 
lighted taper into an inverted jar of hydrogen, when the taper is ex- 
tinguished. Oxygen will also bum in hydrogen (p. 145). A 
of hydrogen with air or oxygen explodes violently when kindled, 
provided either gad is not in too large excess. 

Hydrogen and oxygen combine .lowly at 180*, or in ‘“■ight sunlight at the 
ordinary temperature. Explosion occur, w.th met goses at 5S0 -.0 . 
but if the gosee are exceedingly pure and dry they may be heated y 
incandeacent silver wire without explosion, though combination slo^ 

occurs {Baker. 1602). The water produced appears to be so pure as to exert 

no caUlytIc influence on the reaction. 

The mixture 2H, + 0, ignites at 526* on adiabatic compression, some 
combination occurring before the explosion itself ® 

mixture 3H. + O, ignit* at 544". «..! H. + 40, at 478", respectively (Dixon 
and Crofts, 1914). Tlioroas Thomson in 1817 gave SSS” os the igni 

temperature of hydrogen in »ir, 

Hydrogen readily combines with fluorine and' chlorine, 
with^ bromine, iodine, sulphur, phosphorus, nitrogen, and - 

Hydrogen burns in chlorine and a mixture of hydrogen and chlorine 
ex3od« violently when kindled or exposed to bright sunlight . 

H,+C1,=2HCI. 
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Hydrogen combines with nitrogen on sparking or in presence of a 
catalyst, forming ammonia : 

N, + 3H,^2NH,. 

With a few metals, such as lithium, sodium, and calcium, it forms 
hydridu, such as NaH. These hydrides when pure are white salt- like 
compounds rapidly decomposed by water (KH explodes in air) : 

NaH + H^O-NaOH + H*. 

The hydrogen in them behaves to some extent like a halogen or electro- 
negative element. On electrolysis of fused lithium hydride, the hydro- 
gen is liberated at the potitivt electrode (Moers, 1020}. not the negative 
as when water is electrolysed. Hydrogen is evolved at the anode in the 
electrolysis of a solution of calcium hydride CaHj in fused potassium 
and lithium chlorides (Bard well, 11)24). 

Hydrogen, when passed over many heated metallic oxides (copper, 
iron, lead) reduces them to the metals ; CuO + « (>i + H^O. 

The oxy- hydrogen and ozy-acetylene blowpipes.— When oxygen and 
hydrogen arc supplied separately to a blowpipe jet consisting (Fig. 105) 



It. 

Pio. 10$.~ Oxy -hydrogen blowpipe. 


of two concentric metal tubes, the oxygen being inside, a blue, pointed, 
intensely hot flame is produced, Platinum wire readily melts in this 
flame, wljich has a temperature of about 2800*. Orbon monoxide 
instead of hydrogen gives a flame temperature of about 2600^. if the 
•ij-hrlnuw (or oxy-cod gas) Sum impinges on a small cylinder of 
quick ime, an intensely white light {“ limelight ”) is given out bv the 
infusible incandescent lime. 

In tlie eay-tcMyleoe tOowpipe acetylene gas Ukes the place of hydro- 
gen or coal gaa, and a hotter flame OIOO'-SSIS') la obuined. At 

'* completely dissociated, and the 

C,H, + 0,-2CO + H,. 


^e flame is therefore strongly reducing, which makes it suitable for 
,? . In cutting iron or steel a third inner tube U used and 

• **'6^ temperature, this inner 
^ '***“' WUiantly , emitting 

^ ^ rap«Uy fuse* away. The oxygen iet is narrow 

rapidly cut through in this way. Coal gas may also be used. 

vorof^^*!!!’ “1 >*»«l in th* proportions 1-8 voto. of O. : 1 

watoin^ Metyteno being either generated from calcium carbide and 

or more conveniently used di,«,lved under pressure in acetone 
eoekM m a porous mawrial conminwl in steel cyliiXT (Cont^ 
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acetylene U liable to explo<le S|K)ntaneo\isIy . ) The porous material may 
be kapok aee<b))airs in the pods of a troe {Briodtnfiron anfraeiuosum) 
growini^ in In<lia and Java. 


Atomic hydrofen. — I^ngmuir (1012) found that hydrogen at low 
pro^^ure in contact with a tungsten wire heated by an electric current 
is dissociated to some extent into atoms : H2^2H. This absorbs a 
large nmotmt of energy, almut HMi k. eal. |)er gram 'molecule. The 
atomic hydrogen forint is chemically very active. Atomic hydrogen 
is formed when an electric arc between tungsten electrodes Is allowed to 

burn in hy<lrogen at atmospheric 
|iressure (Kig. 106). The atomic 
hydrogen blown out of the ero 
by a jet of molecular hydrogen 
across the are, forms an intensely 
hot llami\ capable of melting 
tungsten (m. pt. 3400*). This 
flame oblains its heat from re* 
eom bination of hydrogen atoms 
to Hj. It is suitable for melting 
and welding many metals. Iron 
can be nudtecl without (‘onUmb 
nation with carbon, oxygen, or 
nitrogen. Hecause of the fiowcr- 
ful reducing action of the atomic 
hyilrogen. alloys can be me I toil 
without fluxes and without sur« 
face oxidation. A feature of the 
flame is the great rapidity w'itli 
which lieat can be delivered to a 
surface which catalyses the reac- 
tion 2H -H,,and this is important 
in welding ojHTations. 

Nascent hydrogen.— Hydrogen 
being set free in a chemical reaction is often more reactive than 
liydrogcn gas. 

A little feme clilomk mklnl to pImc and dilute sulphuric acid evolving 
hydrogen U rwpklly rtHluccil to u ferrous salt, aa may be found y 
appropriot© tests : KH*I» - H . FeCI, + Htl. 

No such change is pfo<lucc<! by bul>l>lin2 gaseous hyilropn 
solution. Zinc and dilute sulphuric acid rethice jH^tassium chlorate 
potassium chloride. 

It is usually 8U|.1K)S«I timt the activity of such 
,rnl b»4rot«B; in the act of lilKralion from 



Fru. IHf).— Ths Atemk hydrogen 
blowpipe 

Hvflrogrn bss iMues (rttm the eeniral 
no«r**c on the right an'l » dijiSo« iato<l 
in an eicctrie lietwecn two tungsten 
ro<l* nearly meeting in a >*. 
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potassium chlorate is not reduced by sodium amalgam, which reduces 
nitrites to hyponitrites. Zinc reduces nitrites to ammonia in presence 
of alkali. Zinc amalgam U often more effective than zinc alone, 
especially If a trace of copper salt is added, and ** couples of zinc with 
copper or iron are used for reduction. Hydrogen for reducing purposes 
may be liberated in alkaline solution by zinc or aluminium, and in 
neutral (aqueous) solution by copper-zinc couple or amalgamated 
alumimum. Gaseous hydrogen in presence of platinum or palladium 
black, or especially colloidal palladium (which takes up 2950 vols. of 
hydrogen), is a go(^ reducing agent for solutions. At higher tempera- 
tures, hydrogen gas in presence of finely divided nickel is used to pro- 
duce solid fats from liquid oils, the oil taking up hydrogen. Hydrc^cn 
liberated by electrolysis at a cathode, especially of amalgamated lead. 
Is a reducing agent. 

The atomic character of nascent hydrogen ie made probable by the 
following experiment. A stream of oxygen it allowed to bubble through a 
Uquid around a cathode at which hydrogen is being libera te<i. Hydrogen 
peroxide is fomied. Langmuir found that atomic hydrogen unItea directly 
with oxygen to form hydrogen peroxide : 

H-t-0,4-HsH0 > OH. 

The occlusion of hydrogen by metals .^Devi lie and Troost (1803) 
foun<l thet platinum and iron are permeable to hydrogen at a red 
beat, and concluded that “ metals and alloys have a certain porosity/* 
Graham (1860-60) showed that the penetration cannot be due to 
polity since hydrogen is the only gas which passes through the 
metals. 


Orally Oiled a platinum bulb with hydrogen ami heate<l it in air. In 
half an hour 9? per cent of the hydrogen had passed emt but no air entered, 
end a partial vacuum was produced in the tuba. Five hundred ml. of 
hydrogen passed per sq. m. per minute through a platinum tube M mm 
t^ck. Through a similar palladium tube the hydrogen begun to escape at 

*** ^ P®** minute, 

rwiadium in a glass tubs was exposed to hj-drogen st 90*-97* for three 

^ m the gas for ninety minutes. \V\x9n the tube 
^ pumped off. tlie maUl gav'e 643 times iu 

^ume of gsa. Upwards of 500 vote, of gas ware given out at 245^ in a 


Graham at first said that r “ Uie whole phenomenon appeam to bo 
S hydrogen in the metai^.^. . It may 

l!.? !k ^ ^1 ^ occlude (to shut up) hvdroeeh 

Palkdium chaigW with hydrogen « . etrong redMcir^ <^rU ; it 
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precipitates mercury from mercuric chloride solution, gives up hydrogen 
to chlorine and iodine in the dark, and reduces ferric to ferrous salts. 

The occlusion of hytlrogen by palladium is shown by immersing two 
strips of palladium foil in dilute sulphuric aciil and using them as electrodes. 
Oxygen is evolved from the ano<le, but no gas from tl»e cathode until the 
meta I is charged w*ith hydrogen. I f i he cu rrent is s witche<l off, gas may come 
slow'ly from the cathode, showing tliat the metal was superset uro/^ with 
hydrogen. If the currer>t is res ersed, no gas cornea from either electrotls 
for a time. The oxygen is combining with the occluded hydrogen in one 
electrode, and hy<lrogen is being occluded in the other. After a time gas 
comes from both electrodes. Tlie fialladium stripe bend, owing to the un* 
equal e.x(mnsion on absorption of hydrogen. 

Troost and Hnutcfcuille (1874) pumped off hydrogen occluded in 
palladium, and measured the pressures during its removal at a given 
temperature. The 6nt portions came off readily, but when dOO vols. 
of hydrogen were left to 1 vol. of {palladium, the re^t came off at a con* 

slant pressure, as water vapour from a crystal 
hydrate (p. IHI). Hence these observers con* 
eluded that a definite ht/dride of paitadium 
was present. Constant pres.‘<ure intervals 
were observotl at different temporal u res. 

The density «>f palladium is 12, hence the ratio 
of the weights of jMtlladium arxl hydrogen in the 
roeUl which hns occlude*! <>33 vols. of hydrogen 
is 12 : (133 M 0 00009= 12 : O U37. The atomic 
weight of Pd is lOQ, hence tlio ratio of tho atoms 
in palladium saturated with hydrogen is (12/1061 
r 0*037 w 2*0 : 1. corrcsp«>nding with PdiH. 

RoosolKwm and H(Hts<*mfl(l SOS) considered 
that the pressure cnrvo.s in (he dissociation of 
“ palladium hydride ” between 0* and \90 
consisted of fhrrf parts (Fig. Id") : two 
raj)idly ascending ])arls joined by a 
nearly horizontal but slowly rising 
m idd le port ion . At f ) ighcr te m* 
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Kio 1 07 —Palladium and hydrogen cu r ves. short or . The dot tod cu r vm gi ve 

thorosultsofTrotwt and Haute* 
feiiille The shapes of the curves wore thought to sfwak ocftinst a 
definite compound : with certain ri'sorvation.^ Uooaeboomand Hoitsoma 
thought they indicated the formation of /mo 

flat part, where the pressure U practically constant, sixows fr^ 
solid pha.sc8 must be present; the pre^ure 

temperature, the pha.se rule gives i**l, C-2, .. / **«• 8 

Koazcbooin an.l Hoitsema said ti.eir hydrogen 
iMtrf>gen. which would e.^plain the upwartl slope of the flat part 
curv^,oncl they did not consider their expen men U decisive cnoug . 
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Ho)t» £dgar» and Firth (1913) concluded that hydrogen existe partly 
aa a condensed layer on the surface, and partly dissolved inside the 
metal, and is not uniformly distributed. 

They found that palladium is normally inactive but becomos active as a 
result of : (a) oxidation by lieating in air and reduction of the oxide film in 
hydrogen ; (6) heating to 400^ in hydrogen, fol loved by cooling in the gew ; 
(c) heating to 400* fn eocuoi when the hydrogen must be admitted as eoon 
as cold, as the metal soon loses its activity. In all cases healing is neocftMiry 
for activation. The absorption of gas is rapid at first, then becomes in* 
creasingly slower. The rate of difiusion cf hydrogen through |>olladiiini 
0*3 nun. thick was 3288 ml. per s<). m. per minute at 200% and 5370 ml. 
at 470% 

By pumping out a palladium tube saturated with h)'drogen and sur* 
rounded with the gas, the pressure inside woe reduced to zero et the ordinary 
temperature, whilst the pressure on the other side wua 10*4 mm. At 140°, 
with two pumps working equally on both sides, the outer surface of ilie t ul>e 
lost 208 ml. of gas, and the inside only 12 ml. The hydrogen is not uni* 
fenniy distributed through the metal. The surface layer is easily removecl 
by pumping ; the gas inside is much more firmly held. 

Gillespie and Hall (1020) took precautions to obtain states of true 
equilibrium, using very finely divlaed palladium and special heat treat- 
ment. They obtained 



perfectly horizontal iso- 
therms (Fig. 108) and 
found evidence of two 
immiscible solid sola- 
t4ons, but at 80*, 100* 
and 180®, the one richer 
in hydrogen had practi- 
cally the composition of a 
palladium hydride Pd.H, 
which may be regarded 
as a definite compound 
separating nearly pure at 
higher temperatures, but 
at lower temperatures 
dissolving increasing 
amounts of hydrogen. 

GiDespie and Galstaun 
(1936) repeated the ex- 

««mper«turfs and concluded that there 
^ on both aides of the flat por- 

.these cw«pond with the composiUona Pd,H and Pd.H on 
one ade, and Pd,H and Pd,H on the idher, ‘ 
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platinum sponge is inflamed. The same effect is produced by a bundle 
of perfectly clean ffne platinum wires ; these become red-hot and 
kindle the hydrogen (Dobereiner, 1823). The effect is not shown by 
other metals such as iron or copper, and the platinum exerts a specific 
talalytic action. 

D6bere&ier‘$ lamp (Fig. 109) is a small hycirogen generator, consisting of 
a gluAS tube immerAe<l in dilute sulphuric acid, with a stopcock and jet at 
^ the top. A piece of zinc hangs inside the 

tube, and the hydrogen generated displaces 
tiM acid until it is no longer in contact with 
the zinc, when action ceases. Opposite the 
jet is a sponge of fine platinum wire en- 
closed in a brass tube, and when the Up 
is opened the stream of hydrogen ignites. 
The activity of the platinum falls off. but 
it may be renewe<l by boiling the meul 
in nitric acid, when impurities frt)m the 
hydrogen w'hich cause the loss of activity 
are remove<l. 



Fio. 109.— Doboreincr'fl Isiap. 


Faraday (1833) observed that the com- 
binatioti of a mixture of hydrogen and 
oxygen is brought about by a piece of 
clean platinum foil — in some cases the gas explodes. There arc two 
theories to account for this catalytic activity of platinum : 

(1) Faraday considered that both gSAtes form a eom/ensed Jiifn on the 
metal as a result of surface- forces {adeorptioN). Under high prwsuro in this 
him the gasea react. It is kno«*n that pressure may increase the activity 
of gases: iieketoff found that hydrogen gas under 100 atm. presaxire die- 
placea silver and mercury from solutions of their salts. 

(2) De la Rive (1838) belie ve<J that chtmical compoftnde are formed as 
layers on the metal. These unstable oxides react with hydrogen in a 
cyclic manner, the metal being alternately oxidised and reduced : 2Pt + 
2PtO; PtO + H, = Pt * H,0. 

According to Fsradny, platinum does not catalyse the union of hydrogen 
and chlorine- He found tlial the catalytic activity of a clean platinuro 
surface was arrested when a small cpiantity of carbon monoxi<ie was added 
to the mixture of hydrogen and oxygen, but the metal recovered its activity 
when brought int<i a gas mixttire free from corbon monoxide. Traces of 
hydrogen sulphide in the gas *' j>oLioned *' the platinum so that it did not 
become active until boilotl in conrentrate<l sulphuric acid- 

Graham in 1868 »uggest«<l that gss hi ms f(*rmed by adsorption on moUls 
might contain the gas molecules orifn/atcd in a particulor direction, so that 
tho some part of iho molecule would always bo in conUict with the metal. 

and the other |>art expose*! as a lilm to the gaa s,»ace- 

Langmuir showe« I that thea<ls<>H>o»I layer w mu molecular and isgcncm ly 
orientated, and that “ poisoning is due to the formation of films of mole- 
cul« which prevent edeorption of o.h^ g,^ “1“*’'%"/, ^ X 
clean surface. In some cases with carbon monoxide) tlie him y 
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©vaporaw again in a pura gaa. Langmuir suppoeed that (lie acJaorbwl 
molaculcs are held by attractive forcea analogous to chemical aflioity, 
which originate in atoms of meUl lying on the surface, and having uncom- 
pensated attractions. The metal atoms inside Ixave no residual attractions 
since they are completely surrounded by other atoms. Ho regarded a 
metal surface as like a chess board, the black spaces being metal atoms and 
the white spaces the spaces between the atoms. Molecules of gn« arc held 
by the spaces occupied by metal atoms. The catalytic action may take 
place by interaction between molecules or atoms held on a<ljacent aurfaco 
atoms of metal, or between an adaorbed film and the atoms of the solid, or 
directly as a rseult of a coUiaion between a gaa molecule and a molecule or 
atom held on the surface. Reaction between hydrogen ancl oxygen occurs 
between adjacent adaorbed atoma. that between carl>on monoxide and 
oxygen between oxygen atoma. formed from adsorbed oxygen moleculcsi 
and colliding carbon monoxide molecules. The products of reaction then 
evaporate from the surface. In the adsorption of gases on salt crystals, 
HaW (1914) considered that the moleculM ere held by electrical forces 
from the positive and negative ions of the salt in the surface of the crystal. 


Orthohydrogen and parahydrogen molecules. — The hydrogen <tiom is 
supposed to consist of a very small positively charged nucleus ealled a 
proton, having practically all tlie mass of the atom, and a negatively 
charged electron at a relatively large distance from the nucleus. Both 
the proton and the electron have a property which can be described as a 
spin about an axis, rather like the rotation of the earth about its axis. 
A hydrogen molecule is formed from two atoms by two electrons of 
opposite spins pairing, and the two cleetrons in (he molecule always 
have opposite spins. The two protons, however, may fiave their spins 
either in the same sense or in opposite senses, and two different kinds 
of hydrogen moUenU result : the one in which the proton spins arc in 
the same sense (** parallel '*) is called orthohydregsa, the one in winch tho 
proton spins are in opposite senses anti parallel is called parabydro|»o. 


It was shown by Dennison ( 19S7) that the curves reproeontlng tho specihe 
heat of hydrogen at low tomperaturee. which previously offonxl groat 
theoretical dif5eultles. could be explained on tlw assumption that ordinary 
hydrogen is a mixture of these two kinds of molecules in the ratio of 3 to I. 
Evidence of the existence of these in lif|uid hydrogen was found by an 
optical method by McLennan and McLeod early in 1929. In 1929. lion- 
hoeffer and Hartcck found that when ordinary hydrogen is cooled an<l 
<rapraued. convereion of ortho- Into pamhj-drogen occurs. Oa adsorbing 
ortinary hj-drogen on charcoal at the temperature of liquid hydrogen, 
more practically complete eaUlytic conversion into parohvdrogen. which 

sliobti* M gw* It has been shown that parahydrogen ho* o 

eii^tly lower boiling point than normal hydrogen. 

parahydrogen {opposite spins) with atomic hydrogen (pro- 

>» converted inte 

orthohydrogsa (parallel spins) : 


H + H. = H, + H 

t ft + 

% 
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Although pure parahydrogen can be obtained, pure orthohydrc^n 
is not known, the masimum concentration obtainable being the 3 : 1 
mixture in normal hydrogen. The specific heats and thermal conduc- 
tivities of ortho- and parahydrogen are notably different. 


Deuterium. — As a result of a supposed discrepancy between the 
chenncal and mass spectrograph atomic weights of hydrogen, Birge and 
Menzel in 1931 suggested that ordinary hydrogen contains a small 
amount of a heavier isotope of atomic mass 2, and this was recognised 
spectroscopically in J931 by Urey, Brickw-edde, and Murphy, who 
called it deuUrium, D. The enrichment of ordinary water in “ heavy 
water ” or deuterium oxide D,0 by prolonged electrolysis was effected 
in 1932 by Washburn and Urey, and in 1933 G. N. Lewis and Mac- 
donald prepared nearly pure deuterium oxide and investigated its 
properties. Ordinary hydrogen contains about I part of deuterium to 
69(>0 of *' light hydrogen ” {proitum), and ordinary water contains a 
corresfiontling amount of D,0. The ratio H : D varies very slightly in 
waters from tilffercnt sources, the DjO content being measured by small 


differences in density. 

The principal methtxl of enrichment of water in deuterium oxide is 
electrolysis ; the light hydrogen is preferentially evolved, probably 
owing to the different ovcrvolUges Ip. 242) of the two hydrogens, and 
by prolonged electrolysis I the later fractions of evolved hydrogen, rich 
in deuterium, being burnt and returned to the cell) pure D|0 can finally 
be obuined- It is made commercially in Norway, and then contains 
about 0‘3» per cent of (containing heavy oxygen). Other meth^s 
of separation arc of little practical interest, although fractional dis- 
tillation i.s not without promise. . . . • 

From deuterium oxide, gaseous deuterium Dj is obtained by dropping 
the liquid on aodiurn ; 2D,0 -.2N* .2N»OD -i-D,. or (with 1 cm los*) by 
electrolysis of deuterium o.xide in which phosphorus fH*nto.xidc has been 
dissolved Some jdivaical pro|*crties of “ normal “ hydrogen and 
deuterium, and of “ normal water and deuterium oxide, are given 


below. 

Density 



D, H,0 D,0 

— I'OOOOO 1J0764 


20*36^ Abs, 
13 95’ AM. 
13 02 AM. 


23-50* Abs. 
18*65* Abs. 
18-58* AM. 


3 08* C. 
100* C. 

o*c. 

0 0077 T. 


ll*23'‘C\ 
J01'42’C. 
3*802* r. 
3*800’ C. 


Temi)erature of maxi 
nmm density - 
foiling pt. • 

Freezing pt. 

Triple pt. • • 

The D, molecule, like the H. inoleeule. exble In ortho- and 1“^ 

tfdH rnay^ fo«md from the thermal conductivity of (below I per ten ) y 
tho mesa s|)eclfogfaph. 


x,|] DBUTERrUM 

In mixtures of H* and D,. and of H^O and D,0. txckangt reactionn of 
H and T> atoms occur and hence, owing to the reactions : 

H8 + D,?^2HD and H,0 + D*0^2HD0 
the molecules HD and HDD are also present. Exchange reactions 
occur between many hydrogen and deuterium compounds. 

Every hydrogen compound could have a corresponding deuterium 
compound, and many have been prepared. The acid DCl is formed 
from the elements, and DF by the reaction Di4-2AgF »2Ag + 2DF at 
1)0^. “ Heavy ammonia ” ND, is formed from D|0 and Mg^Nj and 
combines w*ith many salta. Deuteromethane CD^ is obtained from 
D,0 and AI^C,, and deuteroacetylenc CtDg from D^O and CaCg. The 
acids DNO9, D1SO4 and D)PO| arc formed by dissolving the anhydrides 
in BjO, Association {t.g. of DF) is greater with deuterium compounds 
than with the corresponding hydrogen compounds HP). The 
crystal hydrate CuS04,5Dt0 is greener in colour Uian CuS04,5H)0. 
The dissociation pressures of deuterates (compounds of DtO) and 
deuteramramcB (compounds of ND^) with salts are somewhat smaller 
at a given temperature than those of corresponding hydrates and 
ammines (compounds of 

Tritium. — A third isotope of hydrogen of maas 3, vis. ’H or tritium T, 
is formed artificially by the oollision of deuterium nuclei (p. 407) : 
‘D + ’D a "T + ‘H . It is rad ioacti ve, omitting ^^rays. 



CHAPTER XIII 

WATER AND HYDROGEN PEROXIDE 


The physical properties of water. •-Water exieU as solid {ice}, liquid 
(water), and vapour (steam). There are several varieties of ice. 

Liquid water has a faint blue colour (liquid oxygen is blue) seen 
when light passes through a tube of water 2 ro. long, closed at the ends 
with pieces of plate class. Ice shows the same colour in large masses, 
ah in crevices of glaciers or icefloes. The deep blue colour of some clear 
lakes appears to be due to light scattered from fine particles of solid 
matter in suspension. , * 

Liquid water is onlv slightly compressible ; bet ween 1 and -o atm. 
an increase of pressure of I atm. reduces the volume by only 3 parU 
100,000. Theexpansionof water by heat is peculiar. FromO tod'08 
the liquid contrafU, above ZW it expands, and at 3'08 water hw its 
moJimum density. Owing to this, exposed water freezes on the surfaM ; 
the water sinks as It reaches and forms a heavier layer below the 
crust of ice, through which heat passes only slowly. 

The volume of I kgm. of water at 4* weighed in iwuo is defined 
as thestaadiid litre; it occupies 1000 ml. or 1000*023 cm.. The 
volumoTT^kgm. of water at 15^ weighed in ai> is Hohx't litre - 

‘"riifcirsily of icc at0» U 0-9168 : it flo.b on water, 'vhi'b 
on freezing'. The liquid may be aupe^led to about - 20 • 
bottles filled with water and closed with screw j.lugs burst when 

immersed in a freezing mixture- aha. 

The densities of water, referred to the mass m grams of one- 
thousandth of a standard litre (1 ml.) at 4^ as unity, are : 


-5^ 

0* 

4* 


0'V993U 

099987 

lOOOOO 


8 * 

10' 

20 = 


U*99980d 

(1*99973 

0-99823 


100^ 

150 ’ 

25U 


0-95H4 

0*9173 

0*794 


iLmniint of heat required to raise the temperature of 1 gm. of 
niftp from 14^® to 15i* w calleil the correa- 

1 «*.*;r..r tfciipr k the mechanical etpuralent of heat, 4*18o x 10 ergs W 

The number of g- cal. required to raise the temperature of 1 
gram of a substance through 1’ underspecified conditions istherp^^ 

wSVr wiofa considerable al^rption of heat. 
178 
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boiling point is converted into steam with a large absorption of lieat, 
539*1 g. cal. for I gm., called latent beat of efepofation of water. 
In the reverse changes exactly the same quantities of fieat arc 
evolved. 

Drops of water Hoatitig in oil are readily heated much above 100 
without vaporising, and are then said to be superheated, 

The vapour density of water just above the boiling point is sllglitly 
greater than corresponds with the formula HjO- When this is corrected 
for deviations from Boyle’s laws the results show that steam consists 
almost entirely of H^O molecules. Tike properties of liquid water, its 
high surface tension, high dielectric constant, groat tendency to pro- 
mote ionisation of dissolved electrolytes, high boiling point as com- 
pared witli hydrogen sulphide HtS, the expansion on solid location, and 
the existence of a maximum density above tlic freezing* point, all show 
that water U an abnormal liquid (p. 135). 

The equilibria between thepAosrao/ uofer are shown diagrammatically 
in Fig, ILO. AL is the vapour pressure curve of liquid water, ending 
at the critical point L. Since increase of 
pressure at a given temperature condenses 
vapour to liquid, the liquid and vapour 
fielria are as sliown. 8 A U the vapour pre- 
sure curve of ice ; it hss a greater slope 
(exaggerated in the figure) at the triple 
point A than that of water AL. At A, ice 
water and vapour arc in equilibrium. AB 
is the melting curve of ice at different pres* 

Bures ; since the m.pi. is lowered by increase 
of pressure, AB slopes to the left. The 
dotted curve represents supercooled water, 
which LB a m^Ux^table sUxU, since in pres- 
ence of ice the liquid would solidify. Tlie 
vapour pressures of metastable states are always greater than those of 
Bisble states at equal temperatures. 



t 


. 1 10.— PhsM diagram 
far watar. 


Pot carbon dioxide the point A lies at about 5 atm. piemre, so that undsr 
atmospheric pressure solid carbon dioxide <“ dry ice passes directly into 
gas without melting. ^ 

At high« prenuna »«v«r*l diflerent/orm* o/ >« appear, ao that the upper 
pert of the curve AB ia complicated. 

“’•‘h vapour and liquid water 
M + O'OOI? C. under a preeeure of 4-57» mm. It i, always produced uhen 
^ c^un«a epOTtaneouely under preesuree lees than 2,500 kgm./cm.* 
8 to m or k. n forme ; between p««ures of i.m and 

ukd«^;/ >*e II or ic V U produce!, according to the temperature ; 

mder higher prmsuree ice VI is formed. loe U {d=1.03) ca.^ exist 
m^uilibnum with liquid water- Ice I, ice 11 and ice III {d= 1-04) have 
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\co crystallises in the hexagonal (six sided) system (Fig. Ill), The 
bubbles in ice are composed of air (lisM>lvcd in the water and liberatcfl 

on frct*zini:. In making clear 
ice. fn^ezing is carried out 
>lowly and with agitation* so 
that air bubbles cun escape. 

Hydrates .^Dehnite solid 

<‘om|H)iinds of salts with water 
ore called hydrates. A salt 
in the dry condition, free from 
water, is called an anhi/droti^ 
salt. Many anhydrous salts 
f(c. 111. — Snow Crystals. ddlvr in colour and crystalline 

form from the hydrates. If an anhydrous sidl can exist in contact with 
a satxirated solution, its solubility is dilferent from that of the hydrate 
(p- (57). White unh' drous cop|a‘r sulfdiate becomes blue if water is 
pourt'd on it, and heat is evolvwl. On cooling a hot solution in water, 
deep blue crystals of the hydrate CuS 04 , 5 Hj 0 (i/we ct7Wo/l se|)arate. If 
ex|>osccl to dry air in a desiccator over sulphuric acid, they fall to a 
nearly white fwwder of the monohydnitc (hiSO^.H^O, which becomes 
blue when rmustened witli water 

SoiTu* crystal hydruti-s lose water arjd fall to (Knvdcr on ex|H>stjre to 
the a l in OS) )l I ere. This change is callwl •fflorwceDct ami show's that 
there must be a pres.surc of water vajiout over the salt ; this is com 
firmed by jiasslng a crystal of the salt nliove the mercury in a hiirometcf 
tube, wlicn the mercury fulls slightly. 'J'he vaiK>ur pressure is constant 
ul a given tcmiwraturc and increases with the tcm(K'raturc. 

The system has tw<» com | h merits, anhydrous salt niul water. Since the 
VQisHtr ‘pressure dci^^ricU only rm trin,K*faturc-. there is one .legw oI 
fr“e,l..m' hen.-., .ho ,.h»-o n.lc /' - F C.i. .ho.,, .hu. . ho nu.nho 
T, hu.es I. 2 > 2 - 1 - 3. Thoso sro wutor vu[Kuir an<l .«« *oli.i»- O lo ."I' 
L tho or.i!i.iul hv-lrulo. llw; mh oh'I ■» o..h.T oi.hy.lroas «lt n» with (.luuher 

sulphute : Ci.SO..oH,0 - .•uS0..3H,0 - 2H,(). 

When .lie va|K,ur ,.ressure above .lie 
temixTu.ure is tfre.atvr than ibc i«r..al |,rv,,u^<.f water i be atm 

I »L.. <nlt Inses wafer on eximsiire and cluorestcs. Ii the [ 
jjhert . th ^ ^ i^rcallv different from that of atmospheric 
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rised by capillary action between the cryatate or between these Qn<l the wall. 
More cryatate are formed above, and in some caaea the eolid roaches tho top 
of the vessel, when the solution may eipbon over and creep down tho outsido, 
This occurs with sal ammoniac solutions in Leclanch^ cells ami may be pre- 
vented by greasing the upper ]>art of the jar. 

Vapour pressures of hydrates. — A mechanical mixture of water 
with an insoluble solid has a vapour pressure equal to that of pure water, 
A hydrate containing hygroscopic mois- 
ture in excess of ita combined amount 
has a vapour pressure equal to that of 
its saturated solution. If water is re- 
moved as vapour until the excess has 
been lost the pressure will drop to that 
of the solid hydrate, say CuS04,5H{0, 
and the pressure falls to A (Fig. 112). 

Dissociation of this hydrate begins : 

CuS0..5H,0^*CuS 04,3H,0 ♦2H,0,4na 
the phase rule shows that the system 
of two solid hydrates, CuSO^.SHyO and 
0 u 804,3H2O. and vapour lias a defi- 
nite pressure. Continued abstraction 
of water converts all the CuS04,9H,0 
into Cu 804,3K20, and the pressure falls to a lower value C, 

Dissociation into CuS04.Hj0 now begins : 

'k 2H|0. This hydrate has a very small vapour pressure, but emits 
water in a desiccator over phosphorus pentoxide to form anhydrous 
salt. When all the trihydrate is converted into monohydrate, the 
pressure falls to a low value E, and remains at this until all the water is 
removed : CuS0^H,0^uS04 + H|0. It then falls to aero over the 
anhydrous salt. By analysing the solid when drops of pressure occur, 
say at C, the composition of the hydrates may be found. 

Natural waters. — Natural water contains various impurities present 
in amounte varying with the source of the water. The following division 
of natural waters is convenient : {1} nia water. (2) river water, (3) ipring, 
or Seep well, water, (4) sea water, and (5) miaeral wsUis. 

Impurities in natural waters are of two kinds : (1) auapended, both 
mineral and organic ; (2) dUaolrtd. both aolida (mineral and organic) 

and gases. The amounU of impurity vary a good deal willi the source 
of the water. 



^ water contains impurities, especially near or in towns where coal 

ntmospherie gases (oxygen, nitrogen, carbon 
dioxide), and sodium chloride from eea.spray carried inland by winds 
aw ^ways ^nt. Nitrous and nitric acids produced by electrical 

“ ammonium Ltrito and 
and there is sometimes free ammonia. In towns sulphuric acid 
iom the combustion of iron pyrites FeS. in coal is piLent, and 
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suspondixl ini|uiritics, chiefly soot from fuel smoke. Tl»e free sulphuric 
acid may he tietitra)i5«d by lime-water, or by allowing the water to 
stand over limestone. Melted snow contains similar impurities. 

River wsUr is rain water which has i>ercolated through tlie surface soil 
and contains suspended and dissolved impurities from the soil. Some 
spring water may be mixed with it. The suspended matter is partly 
clay and partly organic (vegetable) matter. The dissolved matter con- 
sists mainly of calcium and magnesium salts. The atmospheric carbon 
dioxide dissolved in rain, and that taken u]) from decaying vegetable 
matter in the soil, forms carbonic acid : CO^ + H^O ^ This is a 

very weak acid, but it dissolves calcium carbonate from limestone or 
chalk over which the water flows or tliat present in the soil, and also 
magnesium carbonate, to form soluble calcium and magnesium bicar* 
bonates ; CaCO, + H 3 CO, •CaiHCO^), 

MgCO) + HjCOj • Mg(HCOj)2. 

If calcium sulphate (gypsum, C*SO^:2hfi) is present in the soil or 
rocks it dissolves, and sometimes the water may contain calcium 
chloride CaCit» and magnesium sulphate MgS 04 and chloride MgCls, 
from the soil. All these salts produce hardness in water. 

River water flowing over cultivated land also contains sodium 
chloride, an<l ammonium salts and nitrites and nitrates formed by bac- 
terial action on nitrogenous organic matter of vegetable and animal origin. 

Tlie purity of the water dej>en<ls on tlw nature of the soil. Thnmej* water 
flowing over soil rich in litncstoiie contains about 157 milligramH of caUium 
carbonate per litre. Trent water flowing over soil containing gj*i«uin con- 
tains 300 milligrams of caleiutn sulphate per litre. The watont of the Dee 
and Don draining the Abonleon gramtearea ronlain only traces uf 
calcium salts, and Glasgow water from I^wh Katrine voMMM only 30 
miHigrams of total solid matter per litre. Bala Uk© water is also very soU. 

Sprifig or d«p wsU wstsr differs frotn river water only in having under- 
gone filtration tlirough porous strata. In this way 8 tispendc<l matter 
may be largclv remove<l, leaving the water clear. The organic matter 
and nitriles, if present, may have been more or less oxidised to nitrates, 
but the dissolved mineral matter usually inereases. 

Temporarily hard water.— The formation of cnleium bicarbonate from 
calcium carbonate and carbonic acid i.< shown by passing a slow current 
of washed carbon dioxide into clear bine water (a solution of calcium 
hydroxide). A white precipitate of calcium carlMinate is first formed - 

Ch(OH) 2 + CO* » Ca(X)3 + HjO. 

As the carbon dioxide continues to pass, this precipiUte dissolves and a 
clear solution of calcium bicarbonate is formed : 

CaCOj + H,0 + CO, = Ca(HCOj),. 
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The calciutD carbonate diasolved aa bicarbonate may be precipitated 
in two ways : 

(1) By boiling part of the solution in a flask, when carbon dioxide is 
evolved and a white precipitate of calcium carbonate is r<irined : 

Ca(HCOj)8 »CaCOa 4 CX)^ + H5O. 

(2) By adding an equal volume of the lime water to niiollier ]>ortion 
of the solution, when calcium carbonate (solubility 0*013 gm. per litre) 
is precipitated : 

Ca(HC0,),4 Ca(OHl,-2CaCO, + 2HjO. 

Hard water containing calcium bicarbonate deposits a **fur*' or 
" scale of calcium carbonate (often 
coloured brown by iron oxide an<l 
organic matter) in kettles or boilers. 

Such water, which is softened by 
boiling, is called Umporarity fianl 
iixiU'r. It may be softened for use 
by adding just enough lime (calcium 
hydroxide) or lime water to precipi* 
tate the calcium bicarbojxate and 
then filtering from the calcium car* 
bonate. This is called Clark *1 proMsa. 

Some calcium carbonate may remain 
in supersaturated solution. 

Watera containing dissolved cal* 
cium bicarbonate when they fall in 
drops from the roofs of caves lose 
carbon dioxide and deposit calcium 
carbonate in the form of ttalacUUs. 

The drops falling on the floor cause 
a stalaymiU of calcium carbonate to 
grow upwards to meet the sUlactite 
(Fig, 113). Stalactites formed under 
bnckwork arches come from the eslcium carbonate in the mortar 
which IS dissolved by carbon dioxide in rain. 

eontaining magnesium bicarbonate Mg(HC0,), is not softened 
In tin* case enougix lime must be added in 

t uoiuty u 01 gm, per utre) as weU as any calcium bicarbonate present ; 
Mg(HCOa), 4-2Ca(0H), “Mg(OH), + 2CaC0, + 2H80. 

is present in some soiU and also dissolves in 
*»ter oonUmmg carbon dioiide, formingferrous bicarbonate Fe(HC0,)., 



i Ila. — SUilaolitaa 

stalagmites. 
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Oti boiling or exposure to air» a mldidh* brown precipitate of ferric 
hydroxide Fe(OH )3 (** rust *’) is thrown down, since ferrous bicarbonate 
is easily oxidised by atmospheric oxygen ; 

4Fe(HC0a), + 0, + »4Fc<0H)j + SCOj. 


Water containing iron stimulatee the growth of a thread-like organism 
Crenolhruc, which gives the water a bad taste and causes a precipitate of 
ferric hydroxide which may stop up pipea. The ferrous bicarbonate maj* 
be removed by aeration, when it precipitates as ferric hydroxide. 

All kinds of hard water cause waste of soap, since they react with the 
soap, which consists of the sodium salts of fatty acids such as stearic 
acid, and form a slimy precipitate or scum of the calcium and magnesium 
salts, which also carry some soap down with them : 

2NaSt + Ca(HC0,)t - Ca^ + 2NaHC0, 

2NaSt + CaSO* -Cast, + Na^SO,. 


where St -Ci^HaCOO - is the stearate radical. 

If ferrous bicarbonate is present, brown ferric hydroxide is precipi- 
Uted, causing “ iron mould on fabrics : 

4Fe(UC0,)j + SNaSt + 10H,O + O,-4Fe<0H), h- 8HSI + SNaHCO,. 

The calcium and magnesium salts in hard water coxise a larger waste of 
soap than correeponds with the production of the calcium and magnesium 
salts of the fatty acids. About 017 lb. of soap is required for 100 gallons ol 
water containing I grain of CaCO, |>er gallon, instead of 0 078 Ib. (theoreti- 
cah The slimy precipitate of calcium aalw carrie- down some soap and 
renders it uselew. It also wlherw tenaciously to the akin or fabric, and 
interferes with washing. The hanl water does not acquire the smooth 
characteristic of a soR water (free from .liHaolved cn cium and 
salts), which is intensified by trae« of alkali from the excc« of soap, but 
retains iU harah feeling until excess of the aoap has been willed. 

Permanently hard water.— Water containing dissolved sub 

phatc (solubility 2 gm. per litre) is not softrtied by bo.lmg. The bort- 
Lss due to calcium sulphate, a.ui also to magnesium sulphate and 
calcium and magnesium cblori.les wbiel. are sometimes present, is c^W 
~rnu>nenl hardness. Tlie «*<er may have temiwrary harlne-ss as weh^ 
s!,ch waters when evai>orated in kettles or boilers dc|K)sit calcium 

I k.iA faSO as a very hard crystalline “ fiir ” or scale. Tins i.s not 
Se to a chemiUl change but to loas of water '’.v evaporation jliUh® 
saturation point of the dissolverl cilcium sulphate is J 

said to be CaSO., not CaSO„2H,0.) The solubility also de- 
crea-ses witli temperature ami at the higher tempera un 

steam boilers CaSO. is almost insoluble. Such waters |au^ w ‘ 
soap in laundry work for the same reason as temporanly hard 
i e tliey precipitate soap as calcium and magnesium salts. 
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Water softaniog.— Water for domestic and industrial purposes may 
have to be softened if it is too hard as it comes from the source. The 
temporary Aardnaw is removed by Clark 5 process (p. 183). For industrial 
purposes (boilers and laundries) the Umporary and perjnantni hurdntst 
are both removed by adding lime and sodium carbonate, and some* 
times sodium hydroxide : 

Ca{HCO,), + Ca(OH)j =2CaCOj + SHjO 
Mg(HCOa)j + 2Ca(OH), = MgtOH)* + 2CaCOj + 2HjO 
CaSO* + Na,COj -CaCO, + Na,SO. 

Cd(HCO,)j + NaOH - CaCO, * NaHCO, + Hfi. 

Calcium carbonate is much less soluble tlian calcium sulphate and is 
precipitated. 

If magnesium chloride is present, the reaction with lime is ; 

MgClt Oa(OH)| - ftfg(OH), ^ CaCI,. 
and the calcium chloride must then be precipitated by sodium carbonate : 

CaCl) + Na,CO, -Ca(X^ 2NaCI. 


The process of water softening now mostly used is the base 'ex* 
change '' or zeolite " process. In this the hard water is percolated 
through granules of a material such as Permvlit, which is a trade name 
for an artificial sodium aluminium silicate allied to the natural zeolites. 
Comnicroial zeolites are also made from natural greensand (glauconite). 


The zeolite may be formulated as Na^, where Ze stands for the 
** zeolite radical ; this is often dven the comfM»ition Zc - AI|Si |07 or 
AlfH^SijOit. but the commercial zeolites contain more silica and ap- 
proximate to Na,0,AI,0,.(Si0t),. where m varies from 5 to 13. The 
calcium and magnesium salts in tlie water react as follows : 


Ca(HCOj), + Na^ -CaZe + 2NaHCO, 

&(gS 04 ^ Na^ - MgZe ^ Na^ 04 . 

During use the zeolite loses its activity and it is regenerated by per- 
ewating with a concentrated solution of common salt, which displaces 
the calcium and magnesium from the zeolite and replaces these by 
sodium, so that the mass is ready for use again : 

CaZe + 2NaCI^Na,Ze + CaCI,. 

The reaction is reversible and in prectica about 2| times the theoreti- 
cal amount of salt is used. 


A zeohte containing manganese dioride oxidisee dissolved iron and 
maupmese salts, which are injurious in laundering as they form spots, and 
I^pitatee them as ondes. The mass is regenerated by percolating with 
permanganate solution. ' ^ ^ 

^ r containing acidic carboxyl 

groups n •COOH and basic substituted ammonium hydroxide 

(^'•NH,) OH (E'=methy| CH„ etc.) 
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are \ise<i (o remove botli baeic <Na« Ca« Mg) and acidic (HCO). Cl, SO 4 ) 
radicals. The water is first passed over granules of the acidic resin, when 
basic radicals are removed and an acid is formed : 

CaS0*-*-2R''C00H*Ca(R'C00), + H,S 04 . 

The acid is then removed by passing iha water over the basic resin : 

2(R"-NH,)OH = +2H,0. 

The resulting water may be as pure as distilled water. The reelns arc 
regenerated by percolating with acid and alkali solution, respectively : 

Ca(i?' COO), 2Ha *Caa, + 2R'-COOH 
(R"‘NH,)^0* + 2XaOH aNa,S 04 + 2(R"*NH,)0H. 


Water used in boilers may be softened by adding sodium hex a* 
meta phosphate (p. o84), or trisodium phosphate (p. 695), and in 
laundry work borax (p. 653) and sodium metasilicate (p. 694) are used. 

The “ hardness '' of water is detcrniined by adding from a burette to 
IfK) ml- of the water a standanl scan solution •, shaking after each addi- 
tion until a lather is formed which lasts a minute. The soap solution is 
standordisetl and (after subtracting I ml. for the amount to produce a 
lather with 100 ml. of distilled water) the number of ml. used gives the 
dfgret ofhard»MS in parts of CaCO, (so expressed whctfier temporary or 
permanent) per 100,000 of water. Another unit is grains iwr gall^, 
and this divided by 0 7 gives parts |K*r 100,000. A soft water has a hard- 
ness not exceeding 10®, a medium hard water from 10® to 20®, a hard 
water from 20® to 30®, and a very hani water above 30®. Thames water 
has a mean haitlncss of 20® which is roduce<i to 5® after II me- softening. 

The following analyses of river waters provide material for problems 

^ kAknn in tsarfa t\aP 10(1 1)111) ? 


Tham« . - I** •‘•5 ' « 2-6 

Trent • • 0 40 SO'I *1 2-5 10 *-2 

Dee (Aberdeen) 1-2 017 O SI 1-0 0-2 2-2 

Don .. 3-2 0-2 1-5 1-8 0 78 4-3 

SUriUsJM water.— For use for Orinkins purposes (polaMt u-nler) the 
water mu^bc filtered and also sterilised if it is likely ti. rontain harmful 
Tacterin Filtration is carried out throuirli beds of (.Tavel and sand, 
which iK’Come covered with a layer of clay, alpae etc., winch remot e 
ausnen<lcd matter and also many hnctena. If neces-sart a little 
aluminium sulphate may be addc<i to clarify the water from finelv 
suspended clav ; alumina is preeijiitatcd and carries down siispcndcc 
particles and also some bacteria : 

AI,(SO.), + 3Ca(HCO,), = 3CaSO, 1 2AI(0H), + 6CO,. 


c*co, 

CftSOa 

MixCO, 


SiO, 

OrfEKnie 

msttcr 

U4 

4.$ 

1*8 

20 

0*8 

3'4 

0 40 

30 1 

81 

25 

10 

5*2 

1-2 

017 

0*51 

1-0 

0*2 

2'2 

3*2 

0*2 

1*5 

1*8 

075 

4*3 


sni] MINERAL WATERS 187 

—which ia more effective than clilorine alone), or by bubblinp ozonieed 
air through the filtered water, or by exposure to ultraviolet light. 

Action of water on lead. — Hardness in drinking water is not known to 
be injurious to health : the presence of bicarbonates gives the water a 
refreshing taste and prevents its action on lead pi|>es. 

Very soft water containing dissolved air will dissolve lend and tlie 
action is greater in presence of /ree carbonic acid. The dissolved lcn<l is 
poisonous, Ufld is rapidly attacked by distilled or rain water in presence 
of air, forming lead hydroxide PbfOH),, which U appreciably soluble 
or forms a colloidal solution. The action is due partly to dissolved 
oxygen, and partly to frtt carbonic acid. Hard water has much less 
action on lead tlian soft water, itnec the dissolved bicarbonate and 
sulphates form a protective coating of insoluble lead salts on tf)C metal. 
Peaty water containing organic acids acts rapidly on lead (or ainc) 
unless neutralised by lime. 

Two pieces of clean lead pipe aro placed in two beakers containing 
tilled water and tap* water, respectively, the metal being only partly covered. 
Allow the beakers to stand for a few hours. The distilled water re]>i(IIy 
becomes turbid, whilst tlie tap* water (if hard) remains clear. Pour off the 
liquids, and add hydrogen etilphide water. Compare the brown or black 
colorations, due to lead sulphide, Tlie water should not be filterc<l, as dis* 
solved lead hydroxide it retained to somo extent by filtor*paper. 

Miaersl waten. — Natural waters containing special constituents not 
present (except in traces) in ordinary water are known as miiteral 
waters. They are of several kinds : 

(1) Acidulous waters (e.g. Apollinaris and Seltzer, ».e. Selters) contain 

dissolved carbon dioxide and sometimes common salt. The 
carbon dioxide may bo liberatad with efTervaacence wl\en tho 
water Is shaken or slightly warmed. Some aciduloiks watere 
contain sulphuric acid, from the oxidation of sulphur dioxide or 
iron p 3 rritea. 

(2) Al ka li ps waters Vichy wator) contain sodium bicarbonate 

KaHCO). and sometimee lithium bicarbonate LiHCO,, which are 
suppoeed to be beneficial in the treatmwxt of gout. 

(3) Bitter waters contain various ealu : Marienbad water (sodium 

eulphate), Epeom water (megneaium sulpliate). FViedrichshall 
and Hunyadi-Janoe waters (sodium and magneeium sulphates). 

(i) Cba^beata or funagiaous waters («.g. Pyrraont water) contain ferrous 
bicarbonate. On exposure to air such water depoeiU brownish* 
red ferric hydroxide. 

(«) Hepatie wmteis (Latin htpar, Hvot) contain liydrogen sulphido H,S 
and alkali sulphide, Na,S. They smell of hydrogen sulphide, 
^d on exposure to air deposit sulphur ; 2H^ -f 0» = 2H,0 28 
Harrogate water is of this type. 
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(6) Siliceous water contains dissolved silica and alkali silicates. Such 

waters, t.g. of the ge^*sers of Iceland, New Zealand, and Yellow* 
stone Park (America), are usually almost boiling and deposit 
masses of siliceous sinter at the mouth of the geyser. 

(7) Iodine water contains dissolve<l iodides and occurs at Woodhal) 

Spa (Lincoln) and in Central Europe, 

Bot’tpriap occur in various places, Buxton (28^) and Bath (47*). 

The>' contain dissolved gas, including helium, and traces of 
radium emanation. 


Sea water contains dissolved salts, especially sodium chloride. An 
analysis of the water of the Irish Sea, in parts per 1000, is : 

NaCl KCl MgCl, 


MgBr, CaSO« CaCO^ Ugl, 

2f\44 0*740 3151 00705 2 050 1*332 0*0475 0*0025 


Sea water behaves as a hard water since it contains calcium and 
niapicsium salts and also because the common salt in it precipitates 
soap as such, or prevents It from forming a solution, 

pure Water .•^For chemical pur|>oses water is purified by distillation, 
If the intermediate portion of the distillate is collected in good glass 
iHjttles. previou'ily steamed out to remove the alkaline layer from the 
glass, the water is very nearly pure. A cop|)er vessel with a pure tin 
or a copper condenser' without bra sing is the best apparatus to use. 
Still purer water Is obtained by tlcstroying the nitrogenous organic 
matter (which gives traces of ammonia on distillation) by passing 
chlorine through boiling distille<l water for half an hour. The chlorine 
is boiletl out, pure jmtassium hydroxiile and j»ermatiganate are added, 
and the water distilled, the first half being rojectcsl and a quarter only 
of the remainder collected. The process is repeated with this fraetjon. 

The combining volumes of hydrogen and oxygen.— Early experiments 
on the composition of water by volume arc lliosc of Cavendish (178l) 
who obtained the ratio H 0-201 i 100, (Jay-Lussuc and Humboldt 
(180.J) who found I00*«0: 100, and Bunsen, wliose numerous deter- 
minations indicated an almost exact ratio of 2 ; 1 . 

Accurate measurements of the combining volumes w'cre made by 
Alexander Scott, whose cxiwrinicnts in IHH7-fl and 1X03 at first gave 
diffhtiv varying ratios, from 190-4 : 100 to 200 : 100. The later expen* 
ments show'ed that this variation was due to a ver>- tlun film of grease 
carried over from tfie lubrication of the stopcocks into the eudiometer, 
which took up a little oxvgen during the explosion, burning to carWn 
dioxide and steam. Thr apiaratus (Fig. lU) conM»de<l o/? 

In which tas wa.s measun*d and passed into a mixing container /f over 
me«urv Pure oxv«on wa* obtained by he.tinp s.lv« ox.de, imro 

oioXf in i«rtione bv s|Kirkint in the eudiometer^ and the residual gas 
measured in .4 end iiwits.sl. In this way the volume ratio hydrogen. 

ul^S.T.I*. was found. Moles (1925) recaleulalcl 

anr^gaM^H'-l'f-und as the average of 59 
•>0()-288 : 100, agreeing «ith Scott’s value to 3 parts in 200,000. 
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special points of the research were : (1) very carefully purified gases 
were used ; (2) the actual measurements were carried out at 0® and 
under I atm. pressure, so that temperature and pressure corrections 
were eliminated. 


Tlie hydrogen, prepared by the electrolyais of recrystailised barium 
hydroxide solution, was dried by phosphorus pentoxide am! further purl- 
heel: (i) by passing over ehareoal cooled in Ii<]ui4l air which adsurbx 
oxj^eu and nitrogen but only a little hydrogen ; (ii) by passing through a 
tube containing palladium black to convert oxygen to water, and tlicn 
pumping tlie gas through the walls of a closed palladium tube lionted 
electrically. The palladium tube was welded to a short platinum tube 



sealed into a glass tube. This was sealed inside a wider tube, and tin* 
palla<hum heated by a platinum spiral wound on a quartz cylinder slipped 
over it, The palladium was protected from mercury vapour from the 
piunps by plugs of gold wire sponge. The palladium was charged with 
hydrogen at 100®, 300 ml. of gas were pumped off at 180* and the metel 

was recharged with hydrogen at 100 *. 

The oxygen was prepared : (1) by the electrolysis of barium hydroxide 
solution, liquefaction in freeh liquid air. and fractionation ; (2) by heating 
pure potassium permanganate in glass tubes and washing the gas (o) with 
potassium hydroxide solution, (b) with saturated barium 
'""y concentrated potamium hydroxide 
BoIutJOT. The gas was then dried by sticks of potassium hydroxide, and 
ph^phonas pentoxide. liquefied, and fractionated. 

(Pig- U5) consisted of a 300 ml- glass pipette A sealed to 

capillary was expanded to a dead* 
f ^ lovelling.point. The upper capillary 

or th. ga. in th. bulb w^^u.l to tl,e 
cal distance between the mercury surface in B and that te the upper 
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chamber D, aUo provided with a levelling point. B and D were kept at a 
constant distance apart by a stout glass rod sealed between then. The 
manometer head passed to a mercury pimp. The T -piece H and the tap 
J formed a volume adJuMtr the capacity of the pipette A could be varied 
within narrow limits by withdrawing mercury from H this mercury could 
be iveighed, and its volume thus accurately determined. The bulb A and 

upper part of the appsrtus were enclosed 
in an ice* bath, the lower dead*8pace was 
surrounded by a small brine bath jV. The 
mercury for displacing the gas was con- 
taine<t in a bulb below, and an air*catch 
0 protected the pipette from air leaks 
through the rubber. The volume of the 
apparatus from C to the level of the glass 
point in tlie dead -space B was determined 
by weighing the contained mercury. 

The gas was allowed to enter the 
pipette, displacing mercury through 0 
until the mercury surfaces in the dea<l* 
space and manometer stood at the glass* 
poinU. Since there was a vacuum above 
the mercury in the manometer, the gas 
was measured uruler the pressure of this 
mercury column, winch was 1 atm. The tap a^lmitting gas was then 
closed and the tine adiustment made by the volume adjuster//, by which 
small amounW of gas could bo a«lde<l to the pi|)ett«. 

The gas was allowed to reach the temperature of the ice-bath. which took 
about three bourn, and was then jiasseiJ to the I litre explosion bulb 2 by 
opening C and raising the mercury rwervoir attached to 0. mercury being 
displaced from Z through an air-trap to a reeervoir. Two pipettes 
aen with a little excess. measure<l by the volume adjuster, were psss^ 

Z A pipette of oxgen was a<lde<l in poHions, firing the gas by on electric 
siiark after each a*ldilion . The small residual volume of wet a 

sparked for a few minutes. The explosion vessel w^as then 
mixture of solid carbon dioxide aii<l acetone to freexe the waWr, ^ 

reduced, and the residual gas sucke^l off through ® The 

t^o into n email pump, a epiral coole<l in liqui.l 

gas vol..me was measure,! as follows. Tl.c pipette ,4 was hi eJjth hy ^ 
Lr. ami carefully levelle,!- The small volume of residual gas wns Ih 
tided and the pressure a.li,«tment made by running a little , 

the wljustcr J. ' From the weight of this mercury the volumeof the res 

a,lded to that in the bnll. was calculate.!- according to 

oxygen (i.e. the atomic weight of hydrogen) » t 


2 CH>2«« ‘ 0 089873 « 8 000 
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xai] HYDROGEN PEROXIDE 

Dissociation of waUr.— Water in th* form of ateam 
a hi^ tempecature into hydrogen and oxygen (p. 292) : 

2H, + 0a and to some extent into hydrc^en and the hydroxyl radical . 
H-O^aH + OH, Liquid water is decomposed by exposure to ultra- 
violet light or «-rays from radium emanation : at first only hydw^n 
IB evolved, the oxygen forming hydrogen peroxide : 2H,0 - H« + 
but afterwards oxygen ia also evolved, probably from the hydrogen 
peroxide: 2H|Oj«2HtO + Oj. 

Hydroosh Peroxide 

Hiilory, Hydrogen peroxide was dueovered by Thenard in 1811^ ; he 

obtained it by the action of dilute adds on barium iteroxide and called it 
orygentutd water, sinca ha showed that its formula corresponded to 

Occurrence. — Hydrogen peroxide vapour occurs in tracee in the atmo- 
sphere and traces of hydre^n peroxide are said to be found in 
plants. 

Preparation. — Hydrogen peroxide k formed in small quantities in the 
combustion of hydi^en : Ht + 0, - H,Oj. This may l» demonstrated 
by allow'ing a hydrogen fiaroe to play on a piece of ice and adding to the 
water formed a solution of titanium dioxide in sulphuric acid ; a yellow 
colour develops, which is a sensitive test for hydrogen peroxide. 

Hydrogen peroxide is formed by tike combination of atomic hydrogen 
with the oxygen molecule, eitlkor by mixing gaseous atomic hydrogen (p. 170) 
with oxygen, or by bubbling oxygen under pressure past the cathode from 
which hydrogen is being evolved in electrolysis, w'ben atomic hydrogen 
(nostent hydrogen) is first set free : 2H + 0asH|0|. 

Hydrogen peroxide is prepared by the action of an acid on a suitable 
metallic peroxide. To obtain a solution of hydrogen peroxide ftee from 
metallic salts, barium peroxide is used with an acid which forms an 
insoluble barium salt, such as carbonic, sulphuric or hydrofiuoailiclo 
add. Potassium peroxide and tartaric acid may be used, when potas- 
sium hydrogen tartrate is precipitated. 

By passing carbon dioxide Into a suspendon of barium peroxide in 
distilled water, barium carbonate is precipitated and a solution of 
hydrogen peroxide is formed : 

BaO, +COj + H,0 -BaCO, +HtOj. 

Anhydrous barium peroxide is not easily acted upon by dilute suh 
phuric acid since the particles become coated with insoluble barium 
sulphate. The hydrated barium peroxide BaO^.SHfO is easily decom- 
posed by cold dilute sulphuric acid (I vol. of acid to 5 vols. of water) 
or by hydrofluoalicic acid ; 

BaO, + H,SO, = BaSO. + H,0, 

BaO, + H^iF, = BaSiF, H,0,. 



192 


INORGANIC CHEMISTRY 


[CEAS 


To prepare the hydrated barium peroxide, commercial barium peroxide 
is finely powdered and added a little at a time to a cold mixture of equal . 
volumes of water and concentrated hydrochloric acid until the acid ia 
noiitrQlLse<l. A little baryta solution is then aclded. which precipitates iron 
and aluminium impurities as hydroxides. These, with the eilica contained 
in the bariiun peroxide, are filtered off. and the filtrate is added to saturated 
barium hydroxide solution. A white crystalline precipitate of hydrated 
barium peroxide is forme<l, which is filtered, washed with cold water free 
from carbon dioxi4le. and kept moist in a stoppered bottle : 


Ba0, + 2HCl^!iaCI, + H,0, 

H|0, -f Ba(OUh-»' 6H,0 s Ba0,.8H,0. 

Barium peroxide also hydrates slowly when stirred with water and 
can tiicn be decomposed by dilute sulphuric acid, or phosphoric acid. 
This nicthotl is used on the large scale. The barium sulphate precipitate 
is a valuable by-product used as a pigment (6/ane^xs). The reaction of 
barium peroxide with sulphuric acid proceeds much more easily if a 
UttU hydrochloric acid is added. 

Sodium |)eroxide added in small portions to 20 per cent sulphuric acid 
cooled in ice react«< as follows : 


Na,0, + - NajSO^ + HjO,. 


On cooling, much of the sodium sulphate separates as Glauber's salt 
NaiSOi.lOHsO, removing some water. The solution still contains some 
sodium sulphate, which docs not interfere with some of its uses, but pure 
hydrogen peroxide solution may be obtsinetl by distilling the solution in 
a’vacuum {see below). Hydrofluoric acid may be used, when sodium 
hydrogen fluoride is precipitated : 

NajOj + 4HF - 2NaHF, + HjO,. 


Solutions of hydrogen peroxide are much more stable if a little suh 
phuric or phosphoric acid is present. Alcohol, glycerol, and barbituric 
acid are also stabilisers. Sodium .stannatc stabilises hydrogen peroxide 
in alkaline solution, in w'hich it is otherwise unsuble. 

The strength of hydrogen peroxUle solutions Is stated in terms ol the 
volume of oxygen evolved on heating, when the |>eroxide dwmpose^ 
2H 0 -2H,0 + 0*. Commercial peroxide is usually 10 vohimes or ^ 
volum*es. according as it gives off 10 or 20 times its volume of oxygen. 
From the equation it is seen that 2 * 34 gm. of hy<lrogen peroxide evolve 
32 sm. of oxygen, occupying 224 litre, at S.T.P. Thus each of 
pe^xide eeokes 3294 ml. of oxygen. A 1 ,*r cent 
r294 times its volume of oxygen : 10 vo . 

Strength. A stronger solution on the market u 100 vol. or W P 
cent with tlie trade name pfrhgdrol. and a IH) per cent solution, which 
is fairly sUble, is manufactured for special purposes. 
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A solution of hydrogen peroxide may be concentrato<l : (i) By freezing, 
when ice separates and the resklua! liquid is enriched in jwroxide- 
{ii) By evaporation on a wafer bath, as hydrogen peroxide is appreciably 
less volatile than water : at a cwtain point, however. deconj])ORition 
begins, (iii) By exposing the solution in a Hat disli in an exhausted 
desiccator containing concentrated sulphuric acid : at a certain con* 
centration th^eroxide begins to volatilise, but by working at low 
temperatures Thenard obtained a liquid (density 1452) evolving 475 
vols. of 0, at 14®. i.e. containing 95 per cent of KiO^. (iv) By 
distillation under nxluced pressure; this method was also used by 
Thenard. In 1804 WolfTenstein obtained practically pure hydrogen 
peroxide by the distillation of a concentrate solution under redu<‘od 
pressure. 

The apparatus usetl for distillation under reduce<l pressure (Fig. II U) 
consiate of a distilling flaak containing the solution of h>'drogen peroxide 



vu • w»i«r Mtn. ino 8)06 tube is fitted by a rubber 8top|)er to the 
maide of a second distilling flaak. which serves as a receiver and is cooled 
by » atrwra of cold w.tcr. Tho aide tuba of this flaak communicatee by 
^ura tubing with a preaeura gauge end e lerge empty bottle connected 
mth a good water pump. A three-way etopcock allowa air to be admitted 
y the epparatua when the nceiver ia changed. At fiiat weter comee over. 

- 0 afl^s^e^^. ■ of P««>>ydrogen peroxide, m.pt, 

P*™*ide is now manulacttired in nure 30 ner »nt cnluHn.. 

P*' hbTf&Ty tlcuim 

n m a special apparatus. Persulphuric acid (H.S,0,1 U formed 
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by electrolysis and on distillation this reacts with water to form first 
permonosulphuric acid and then hydrogen peroxide ; 

2 HjS 04 *H^ 0 , + Hj 
H jS A + H*0 * h’/Oj + 

HjSOs + HjO + HA 

In another process, sulphuric acid containing ammonium sulphate is 
electrolysed and the resulting solution of ammonium persulphate is mixed 
w i th potassium sul pltat e to precipitate potassium ]>crsulphate K ,S tO| . This 
is distilled under low pressure with sulphuric acid to give a solution of 
hydrogen peroxide which may be concentrated by fractional distillation 
under low pressure \ip to 90 per cent H,0„ which is fairly stable. This has 
been used to react with permanganates to give oxygen and steam for 
rocket propulsion, and also in burning fuels such as petrol, alcohol, and 
hydraxine hydrate in pro<lucmg power. 

Properties.— Pure hydrogen peroxide is a clear, syrupy liquid, density 
P4C.*) at 0”. colourless in small amounts but with a bluisli colour in 
bulk. It has an odour like that of nitric acid and a harsh metallic taste, 
and it blisters the skin. It freeacs when cooled, m.pt. -0*80*. When 
rapidly heated to 151”, the b.pt. at atmospheric pressure, it explodes 
violently. Under reduced pressure the b.pt. is 84”-85”/68 mm. and 
68*2”/2S mm. The pure liquid has a strong acid reaction to litmus but 
in pure dilute solution hydrogen peroxide is quite neutral. The pure 
peroxide is fairly stable and can be kept for several weeks in the absence 
of sunlight, provided the glass of the bottle is perfectly smooth. In 
contact with rough surfaces or on shaking, decomposition occurs: 

Finely divided metals such as gold, silver and 
platinum (but not iron) cause explosive decomposition. Cotton wool 
and a mixture of magnesium or carbon powder with a trace ofmanga nose 
dioxide, at once inflame. By mixing the pure peroxide with water and 
cooling in a mixture of solid carbon dioxide and ether, the crysUliino 
hydrate H,0„2H,0 U obuined. 

Hydrogen peroxide Is formed /rom tUmenU with evolution ol heat . 

H^ + 0,-HA*"45^ 

but decomposes into oxygen and water with evolution of beat i 

HjO* ** H,0 + iO, + 23 k. cal. 

It is unstable at the ordinary temperature, tending to pass mto water 


*"Hvdroaen peroxide forms addition compouniU with some salts, e.g. 
(NH.)^0..H,0„ and with urea. CON,H„H ,0,. ‘"d i" 
it behaves Uke water of crysUllisation. The crysulline compoun 
urea is caUed hyperol it is stablised by a little c.tnc ac.d and forms 
hydrogen peroxide when dissolved in water- 


Xiu) PROPERTIES OF HYDROGEN PEROXIDE IDS 

Hydrogen peroxide is an active oxidmu^ao^nt, one oxygen atom being 
easily removed, with formation of water. Arsenious and sulphurous 
acids are oxidised to arsenic and sulphuric acids : 

HjAsO, + H,0, ** HjAsO* + H,0 
HjSO, + HjO, -HjSO* + HjO. 

Black lead sulphide is oxidised to white lead sulphate : 

PbS + 4H,08 - PbSO* + 4HjO, 

a reaction used in restoring discoloured oil paintings in which the white- 
lead pigment (basic lead carbonate) has been blackened by atmospheric 
hydrogen sulphide. Ferrous salts in acid solution arc oxidised to ferric 


salts : 


2FeSO< + HjO, + -Fe,(S 04 )j + 2H80. 


The oxidising action is used in bleaching delicate materials (wool, 
hair, silk, ivory, feathers) which would be injured by chlorine : the 
solution of tfie peroxide is made faintly alkaline w'itlt ammonia or 
added to 10 per cent sodium acetate solution. Hydrogen peroxide 
bleaches hair to a golden-yellow colour. It is also an antiseptic, and as 
it leaves no injurious products alter its action it is largely used as a 
gargle, etc. 

Platinum black and especially colloidal platinum (prepared by striking 
electric arcs between platinum wires under distilled water), bring about 
a rapid catalytic dtcompcailion of hydrogen peroxide ; the solution is 
also decomposed catalytically by manganese dioxide : 

2H808^2H,0 + 0*. 

In some reactions hydrogen peroxide appears to act as a reducing 

cgtnt. Thenard (1819) found that gold and silver oxides are reduced 

to the metals : u a \s n n 

H|0| + Ag|0 ■ HjO + 0| + 2Ag. 

Urown silver oxide is precipitated by sodium hydroxide solution from 
J^yer nitrate solution and hydrogen peroxide solution added. There is a 
wk effervescence of oxygen and the brown silver oxide w converted into 
black metallic silver. A further quantity of H,0, added is catalt/ticallt/ 
decomposed by the finely divided silver. 

Hydrqgen peroxide slowly reduces ozone to oxygen : 

0, + H80,-208+H80. 

•* “ to remove excess of 

Chlorine from bleached fabrics : 

Ci4+H,08-2HCl + 08. 

Of Pot*«ium pemsngeaete ecidified with sulphuric acid 
of decolorised by hydrogen peroxide, with evolution 

2KMnO, + 3H,S0. + 5H.O, - K,SO, + 2 MnS 04 - 8H,0 + 50, 
ihis reaction is used in the UtraUon of hydrogen peroxide solutions. 



196 INORGAKIC CHEMISTRY [chap 

the permanganate being added from a burette until a pink colour 
appears. 

Manganese dioxide liberates oxygen from a neufra^ solution of hydro- 
gen peroxitle, the action being catalytic, but In acid solution the man- 
ganese tlioxide is reduced to a manganous salt and twice as much 
oxygen is evolved as from a neutral solution : 

MnO, + HjO, + HjSO* - MnSO, + 2H80 + 0,. 

Solutions of bleaching powder and sodium hypobromite evolve oxygen : 

XaOBr -► H,Oj *NaBr + HjO + 0,. 

These reactions are also used In the determination of hydrogen peroxide, 
the gas evolved being measured in a gas burette. 

An interesting case of the oxj<lising and reducing actions of hydrogen 
peroxide was discovered by Brodie. An acid solution of potassium /erre- 
panicle is oxitliccd by hydrogen peroxide to potassium /emeyanide : 

2K4Ke(CN). + H,0, » 2K,Fe(CN), -► 2K0H. 


An solution of potassium /rmeyanide is nduetd by hydrogen per- 

oxitle to potassium /errocyanide with evolution of oxygen : 

2K,Fo(CNU + 2K0H + H,0, ^ 2H,0 0,. 

TesU for hydrogen peroxide.— Hydrogen peroxide may be delected by 
the liberation of iodine from potassium iodide, giving a blue colour with 

starch: -.'KUHA-^KOH + I,. The liberation of occurs 

somew hat slowly but is rapid in presenee of ferrous sulphaU; Other 
substances, sueb as ozone and nitrites, liberate lodmc from iod.de, 

A delicate test is the formation from chromium trioxidc &0, of a 

jb: s:s.; iSb 

blue colour • this solution slowly decomposes and a bluish-green so 
VPllow colour. <luc to titanium pcro^lc TiO,. with a 

s — w »'«■ •”* 

diluting with water. 

other tesu arc : ,1, m.aiacol ..lutio.. 
s blvie colour ; (2) suaiuc.m tincture, w.th “ j bo .isol i" 

gives a blue colc.ur (thU is also a delicate t^t for chlorate, 

hlont.fying blood-stains) ; <3, a fa,or.pa,.er 

dis.solved in dilute suiplmnc from rose to 

6oake<l in a solution of coUlt naphthenate and dried, cnang 

oUve-grwu with hydrogen peroxide. 
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Formula of hydrogen peroxide.— The vapour density of hydrogen 
peroxide as determined under reduced pressure at 90® is 17 (H « 1) ; 
the molecular weight found from the freezing point of the aqueous 
solution (p. 247) is 34 ; hence the formula is H,0,. 

The constitutional formula may be H 0*0*H, i.e. dibydroxyl HO*OH. 
This agrees with the instability of compounds which contain chains of 
directly linked oxygen atoms. 

la order to account for the instability of one oxygen atom, which eug* 
geste that it is linked difierently from the other, Bufr (1800) und Kingsett 
(1882) wrote the formula as 0 = OsHt.in which one oxygen is quadrivalent. 
In the modem theory of valency the maximum co valency of oxygen is 
three, and this formula should be written as [0 s 0 - a w'cak acid. 

By tl^e action ofUydrogen peroxide on dictliyl sulphate Baeycr 

and VUliger (1800) obtained diethyl peroxide (C\Ht),0|. and by the action 
of sine and acetic acid this is reduced to ethyl alcohol C|H»’OH. This 
agrees with the formula CiHf O O CiHi : 

C,H, 0 0 OH^ HO CA 

t t 

H H 

This euggeats that the formula of hydrogen peroxide is H*0*0*H. Tlia 
X*ray spectrum of pure liquid H|Of shows that tlie two hydrogen otoms 
are fixed in two perpendicular planee iMusing through the 0 — O axis, as 
shown in the figure. 



H|0g is a frue peroxidt containing two singly linked oxygen atoms : 

H-0 Na-0 ,0 

I . Sodium peroxide is I and barium peroxide Ba< I . 
H-0 Na-0 ^6 

TVue peroxides give hydrogen peroxide with dilute acids and differ in 
WMtitution from dicxidts of lead, manganese, etc., which contain 
higher valency states of the metals and give oxygen with concentrated 
sulphur jc acid and chlorine with concentrated hydrochloric acid- Their 
formulae are of the type 0»Pb=0. This Is confirmed by tlie forma- 
tioii of imsUble higher chlorides with cold concentrated hydrochloric 
»ciQ, t.g. PbCI,. With concentrated hydrochloric acid, however, barium 
perowde evolvea chlorine (Brodie, 18(13) : 


BaO, + 4HC1 - Baa, + a, + 2H,0. 

formation of hydrogen peroxide during the slow 
oxidation of phosphorua, oil of turpentine, and meUU by gaseous 

found studied by Schbnbein in 1858. He 

in divided in oxidising the substance {e.g. 

® hydrogen peroxide. Such a reaction is o^d 


He supposed that atomic 
and positive antozone 0, 


oxygen ezisu in two forms, negative oaone 0 
The antozone formed hydrogen peroxide with 
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TvaC^r or oxidised indigo or other oxidUable substance. Brodie (1850) 
showed that all the supposed reactions of antozone are due to hydrogen 
peroxide. 

Brodie. an<l Clatisius ( 1858), considered that the oxygen molecule, which 
they tliought contained two atoms of opposite polarities, is divided in 
autoxidation reactions, one atom oxidising a substance and the other 
forming with water a molecule of hydrogen peroxide : 

Pb + 0, + M,0«PbO + H,0,. 

Traube (1882) suggested that tlie oxygen molecule unites as a whole with 
tlte oxidisable substance to form a holoxide or moioride. Tot example, in 
the combustion of hydrogen, H, unites with Oj to form hydrogen peroxide 
as a primary product : H| H,0|. The reaction between zinc, water 
and oxygen he represented as : 

Zn-fO H| + OtsZnO + H|Oa, 
and the primary oxidation of carbon monoxide as : 

CO + 0 H, + 0,*CO, + H,0,. 

Bach (189?) concluded that the subsUnce undergoing oxidation (ouw* 
dUtr A) iteelf \inites with a molecule of oxygen to form an unstable higher 
oxide, which may then react with water or eome other acuptor B to give the 
lower oxide of A and H|0| or DO : 


A + 0| = A0|« 

/A0, + H,0*A0 + H,0,. 

\ AO,+ D»AO + BO. 

With metals, the unstable higher oxides PbO„ ZnO„ are not the ordinary 
known ones, which do not give hydrogen peroxide with water. 

According to Bnglof and Wild, the oxygen molecule is first opened up to 
fciTTO -0—0—. which combines with the acth-ator (e.g, turpentine) to lorm 
tl« unsuble paroxiile. In some cases these unstable 
isolate<l. The bleaching and disinfecting properties of -7“® 
to its ability to activate oxygen in this way, and it forms a peroxide 
standing in a loosely stoppered bottle. , 

If a little turpentine is added to dilute potassium iodide 
t.on .n an ,.,^n floak. and the mixture eh.ken «.d allowed to stand, a blue 

‘'°ta'duMd^d»U^D.-A solution of fodium ofsenile Na.AeO, 

to at^nau on expoeure to air, but . eolation «>f 

oxidised to sulphate. Wlicn a solution conUimng both areemte an 

phite is exposed to air, both ealU are oxidised ; 

Na,SO, + Na,AsO, + O* * Na,SO* + Na,AsO«. 

This induced oxidation may be explained on Br<^ie-s 
theories The Na.SO, is called an inductor, the 0, molecule 
the Na,AsO, (which is not oxidised by itself) the acceptor t 

I. Brodie'e theory : Na.SO.^O 

Ne»AsO, + H»O, = Na,As0, + 


xiu] 

II. B<Kh'9 thtory : 
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*Ot^ Ka,SO« 

NajAsOa ‘f NfttSO^ ^ NaaAsOt + Na^SO^. 

Deuterium peroxide.— A heavy •' liydrogen peroxide, <UuUrium per- 
oxide D,0„ ia formed by passing “ iMsovy staani '* (D,0 vapour) through a 
mlxtuTO of deuterosulphuric acid DtS 04 and potassium persulphate K|S|0« 
(tvhic)i form DaSOii undergoing hydrolysis by DtO) and condensing the 
vapour. The solution of D,0, in D,0 thus obtained is fractionated, and 
pure DaOa obtained (Fehdr, 1939). HDO| U also known. 



CHAPTER XrV 
CHLORINE 


Hutor;.— In 1658 Ckftuber obUined 'spirit of salt" by distilling 
common salt with concentrated sulphuric acid and dissolving the evolved 
gas in water. The other product of the reaction was sodium sulphate, 
colled Glauber's salt. In 1772 Priestley found that the gas. which is very 
soluble in water, could be collected over mercury. The solution is spirit 
of salt, then called muriatic acid. Lavoisier (1788) regarded it, like other 
acids, as the oxide of a non-metallic element then unknown and called 
by him the muriatic radicai. 

In 1774 Scheele had examined the action of c»)ncentrate<l muriatic acid 
on " black manganese ’* (manganese dioxide). This dis8olve<l in the cold 
acid to form a dark-brown solution, which on warming gave off a green isli- 
yellow gas which liad a powerful odour and bleached vegeUble coloun- 
Scheele said this gas was muriatic acid deprived of phlogiston by the 
manganese, and since he thought hydrogen was phlogiston, this means 
muriatic acid dspnve<l of hydrogen, which is correct. 

In 1785 Berthollet exposed a solution of the greenish -yellow gas m water 
to light, when it gave off bubble* of oxygen and left a solution of muriatic 
acid. Hence he considered that the gas was a comi>ound of muriatic acid 


and oxygen, or o^ymuriatic acid. 

The production of oxymurietic «cid by the action of oxidising »(!«"•*'''/- 
manganeee dioxide) on muriatic acid, and BerthoUcfs 
aecmed to show that oxymuriatic acid »as a higher ox.de 
radical- All that remains.! was to isolate the muriatic radical and this »as 

reearded as a task for the future. . 

In 1810 Davy tried to decompose oxymuriatic acid into oxygen and t 
m.irietic radical He burnt phoepliorus in the gae. expecting to got ph 

but the products were a volatile liquid (phosphorus 
r • Klrtftdti and a solid (phosphorus penUchloriile) quite different from 

be formed from it. Davy conclu.led that = pa,e green, 

element an.! called iteWonne, der.ve.! ®^'‘^Xuld betiUed 

Muriatic acid is a compound of "g experiment the oxygen 

form hydrochlonc acid : 

2H.O + 2Clq * 4HCI + O,. 
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H« found that dry chlorine does not bleach and the bleaching action ia 
due to nascent oxygen liberated from the water which must bo present. 

The production of chlorine from muriatic acid and higher oxides 
manganese dioxide) ia explained by the oxidation of the hydrogen of the 
acid» setting free the chlorine : 


4HCI + hInOt » Kind, 2H,0 + Cl,. 


This may be $ho«n\ by passing dry hydrogen chloride gas over aomo dry 
manganese dioxide heated in a bulb tube, when chlorine Is evolved and 
moisture condenses on the cool part of the tube. 


PreparaUon .-Chlorine ia crolved on heating gold, platinum and 
cupric chlorides ; the lower chlorides of platinum and gold are first 
formed but decompose at higher temperatures : 

ptci* * Pta, +a, ptci, - Pt + cij 

AnCl, - AuCL + Cl, 2AuCl - 2Au 4- Cl, ; 

cupric chloride decomposes Into chlorine and the stable cuprous chloride : 

2CuCI,-2Cua+Cl,. 

Pure chlorine can be prepared by the electrolysis of fused silver 
chloride \vith carbon electrodes : 2AgCl «2Ag -f Cl,. 

Hydrogen chloride gas Is oxidised by free oxygen when a mixttirc of 
hydrogen chloride gas with oxygen or air Is passed over a heated 
copper salt acting as a catalyst : 

4HCU0,-2H,0 + 2Cl,. 

Chlorine (mixed with nitrogen) is formed by passing air over strongly 
Heated magnesium oxychloride : 

2Mg|OCl, + 0, • 4MgO + 2CI,. 

The common lahoralory mtthed for the preparation of chlorine is to 
heat 100 gm. of manganese dioxide (best in small lumps) with 300 ml. of 
concentrated hydrochloric acid in a flask (Fig. 1 17) : 

MnO, + 4Ha - JUnCl, + 2H,0 + Cl,. 

The reaction probably takes place in two stages ; a higher chloride of 
m^gancse htnCl, ia first formed in the cold as a dark-brown solution 
which decomposes on heating into chlorine and manganous chloride 


2MnO, + 8Ha - 2MnCl, + CL + 4H,0 
2Mna,-2MnCl, + Cn,. 

and*ia “ little water to it from hydrochloric acid 

IS collected m dry jars by downward dispUcement. since it ia 2i 
tmes aa heayy a* air. is fairly soluble in water, and atte<is mercury. * 

mentis beet perforowd in a fume cupboard. The gaa may also be coll^ 
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over e seturetod solution of common salt. It may be dried by calcium 
chloride, concentrated sulphuric acid, or phosphorus pentoxide. 


Instead of using hydrochloric add, a mixture of common salt, man* 
ganese dioxide and 50 per cent sulphuric acid may be heated, when 
hydrochloric acid Is first produced and is then oxidised by the manganese 
dioxide ; this mixture evolves a $hw stream of chlorine in the cold : 
4NaCl+MnO, + 3HjSO* -Na ^04 + 2 NaHS 04 + MnDj + 2HjO + Clj. 



Kio. 117 — Preparation of chlorine. 

Chlorine is evolved on heating concentrated hydrochloric acid with 
red lead or lead dioxide : 

PbjO. + 8HCI -3PbCl, + 4H,0 + Cl, 

PbO, + 4Ha - PbCT, + 2H,0 + Cl„ 

or conccnlratcd liydrochloric acid with potassium dicliromatc : 
KjCr.O, + 14HC1 - 2KC1 * 2 CtC1, + 7H,0 + 3C1„ 

and by dropping cold concentrated hydrochloric acid on bleaching 
powder: CaOCI, + 2HCI »CaCl,4Cl, + H,0, 


or on potassium permanganate : 

2KMnO. + 16HC1 = 2KC1 + 2Jtoa, + 8H,0 + 50,. 

Purt chlorine may be obtoined by drying with concentrated 

acid the chlorine obtained from hydrochloric ocid and n^ioxide 

liauefvinB it in a bulb iminor^ed in a mixture of solid carbon dioxide 
ether? and then evaporating the lisui<l chlorine. Puro chlorine w c ^ 
pletoly absorbed by mercury, even if the maionals are very dry (see p. 

The Weldon process.-Chlorinc was formerly made on the t'j^hniwl 
scale from manganese dioxide and the 

Leblanc process (p. 210) by heating with steam m stono tanks. 
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recover the manganese frora the residual liquor, Weld<m'3 procfea was 
used. An excess of milk of limo was added to precipitate manganous 
hydroxide : jinClj + Ca{OH)j ^Mn(OH), + CaCI,. 

The liquid was heated by steam and air blown through. In jirestnce 
of actsa of lirnt the manganous hydroxide oxidises to manganese 
dioxide : 2Mn(OH), + Oj-2MnOt + 2H80- 

This is a weakly acidic oxide and combines with lime to form a prccipi' 
tate of calcium manganite CaO.MnO^. Some more manganese liquor 
was added and the air blowing continued, when the CaO.MnO^ >vas con- 
verted into Ca0.2Mn0|. called Waidon mud. This was decom]>osed by 
hydrochloric acid to give chlorine, and the process repeated : 

Ca0.2Mn0, + lOHCl -CaCl, + 2MnCI, + 5H,0 + 2Clj. 

Tbs Deacon process. — Hydrogen chloride gas is oxidised by frte 
oxygen when a mixture of oxygen or air and hydrogen chloride is passed 
over a heated catalyst containing cupric chloride : 

4HCl-(-0|«2H,0t2Ctt. 

A stream of air is passed through concentrated sulphuric acid in a 
Woulfc’s bottle, into which concentmUd hydrochloric acid is allowe<l to 
drop slowly. The mixture of air and hydrogen chloride gas as passed through 



a hard glass tube packed with pieces of pipe*clay or pumice which have been 
soaked in a solution of cupric chloride and dried, and the tube is heated 
(Fag. U8). The gas may ba passed through litmus solution, which is 

bleached. 


This reaction is used on the large scale as the Deacon proeesa. It is 
not suitable for the laboratory preparation, since the chlorine obUined 
IS diluted with atmospheric nitrogen. 

The catilytie action of the copper sell bu been explained os follows, 
ihe cupric cblonde decomposes on beating to form cuprous chloride 
and chlorine: 2CuCl..2CuCl +0.. 
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In presence of oxygen and cuprous chloride the hydrogen chloride U 
decomposed to form water and cupric chloride, and the reaction then 
begins again : 

4CuCl + 4Ha + Ot - 4CuClt + 2HjO 
H a 

It is soraetimee assumed that an oxychloride of copper is formed : 

4CuCl + 0,s2Cu,OCU 
Cu,OCI, + 2HCI » 2CuCI, + H,0 
2CuCI, = 2Cua + Cl,. 

Copper sulphate used as a catal}*8t is first converted into cupric chloride : 

Cuso. + 2Ha » Cua, + h,so*. 

Since the reaction 4HCU0j^2H,0 + 201* is reversible there is 
always some hydrogen chloride mixed with the chlorine, and in the 

Deacon process this is removed by wash- 
ing with water. The gas is then dried 
with sulphuric acid ; it contains only 5 
to 7 per cent of chlorine and is used to 
make bleaching pow<k'r. 

On the largo scale liydrogen chloride from 
salt cake furnaces (p. 210) is purified by dis- 
solving in water, mixing with concentrate! 
sulphuric acid, and blowing out the pure gas 
with a current of air. The mixture of air on<\ 
hydrogen chloride then passes over pjec« of 
broken bricks impregnalotl with a httle 
cupric chloride and heated at 450® in a con- 
verter (Fig. 11^) divided into compartment^ 
so that part of the mass can bo removed and 
replacc<l when it loses iu caUlytIc activity. 

Electrolytic processes.— Nearly all tlw 
chlorine used technically is now obtained 
bv the electrolysis (see p. 21 fi) of ^ ^olu* 
Fio. 119.— Deacon convertor. common salt- Chlorine is deposited 

at the anode and sodium hydroxide and hydrogen are formed at ttic 
cathode (sec page 242) : 

2NsCl + aHjO *=2NaOH + H* + Cl*. 

Various types of electrolytic cell are used, the main 
prevent the chlorine evolved .t the anode 
the alkali formed at the cathode, when reaction «ould occu 

them. 
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The Solvaj eell (Fig. ISO) has » cathode consisting of a layer of mercury 
on the slate base of the cell, which is slightly inclined so that the mercury 
flows slowly from right to left. The salt brine flowa slowly through the cell 
in Che same direction es the roercury. The anodes are rods of artillcial 
graphite which dip into the brine. 




bh/it 

ovVit 




^ ffomuif f9trtvf9 
'taUodf 



imt/fim 

mtkt 

Fic. l20.-^The Seivay cell. 

Chlorine gae is evolved from the carbon anodes and pattcs out of the cell 
through a Cube at the top. Sodium is deposited on the mercury cathode luul 
forms liquid sodium amalgam. The sodium amalgam leaves the cell on iho 
left and goes to a vessel of water containing iron rods in contact with tho 
amalgam. This arrangement behaves as a short •circuited oell. the sodium 
dissolving as sodium hydros:lde and hydrogen gas is evoK'ed from the iron : 

2Ka + 2H,0»2Ka0H 

Since the sodium amalgam is separated from tlie brine (sodium chloriclo 
solution) before it reaeu with water, the solution of sodium hydroxlrio 
obtained is very pure. 

In the Olbbs cell (Fig. 121) the anodes are carbon ro<ls soparatod by a 
diaphragm of asbestos paper from the cylindrical perforated iron cathode, 

on the ouuide of which tho sodium 
hydroxide solution forms. Tlio solution 
of sodium hydroxide is not so pure as 
that which is obtained in the Solvay 
cell, and tho sodium chloride in it must 
be separated by evaporatuig, when the 
soditim chloride deposits from the coneen« 
(rated sodium hydroxide solution. 

Most of the chlorine is used for 
bleaching and in refining petroleum, 
either as such or (usually) as hi/po. 
cMtoriies of sodium or calcium, the 
latter in the form of bfeaching ponder. 
Some U used to make synthetic hydro- 
... ^ chloric acid, in making solvents (chlor- 

mated acetylene), for chlorinating water supplies, liberating bromb.e 

and”rp;„; dJonl’"''"* 

cylindefs or tank wagon, of steel 
Since this metal is not attacked by dry chlorine. 
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Properties of chlorine. — Chlorine is a greenish-yellow gas ^'ith an 
irritating odour and a violently corrosive action on the mucous mem- 
branes. The density of chlorine gas (3*214 gm. per litre at S-T.P.) is a 
little higher than would be expected from the formula Clj, which may 
indicate sliglit association into Cl|. 

The relative <lensi(y falls slightly with rise of temperature, becoming 
noptnal at about 240’. and remaining normal up to 1200*. The density at 
1 130* was found by Keinganum (1905) by comparing the vdumes of gas dis- 
placed from a small ijiiartt \'k*tor Meyer ap|»aratus, in one case tilled with 
os> gen and in the other with chlorine- They were equal, hence no dissocia- 
tion occurred. Crafts (1880) obtained the ^me result by displacing oxygen 
by chlorine, or chlorine by oxygen, in a i>orcelain apparatus at 1360*. 
According to \*iclor Meyer and Unger (1885). the density of chlorine at 
1400® fell to 29 29 (H * Ih corresponding with 21 per cent dissociation mto 
atoms : Cl| p* 2CI. Pier ( 1908), from sjiecific lieat measurements, mavimsd a 
dissociation of Cl, above 1450*. but the value given by Victor Meyer and 
Longer apiwars to be too high. At very low pressures the dissociation is 
appreciable at 700®-090* iHenglein. 1922). 

Clilorine when passed into a tube cooled in solid carbon dioxide and 
ether condenses to an amber-ycllow liquid, ^ihng at -34*6 .Un 
cooling in liquid air this form.*! a pale-yellow solid, melting at - 100 d . 
The critical temperature of chlorine is 140*0 , the cnlical pressure 7G 1 

*^Chlorine U a very active clement ; it readily combines directly with 
hydrogen and most nietaU and non-motallic elements except nitrogen, 
oxygcl and carbon. Reaction often occurs at the ordinary temperature. 

frequently with flame or incandescence. „*tr.rlsls 

The reaction with metals does not always take place if the mater a 
are dry although pure dry mercury completely ebwrbs 
chlorine Andrews (IK42) found that dry copper and rmc not react 
vS Irv chlorine. Reaction with dry materinU oc-curs 'v^h ~ 
Intimonv mcrcurv and phosphorus. Bromine behaves similarly. 
Sodium mav bo meltetl in dry chlorine without reaction . 

(Wanklyn. *18H3). In the following experiments, undned chlor 

should be used. 

« .•„wi.«IUtleimeIvw»-dere.lar«cmc«n.lBntimonyiiiWj««c.ffhIc>ririe- 

b^. .-.r'oaucing poi,on..u. fum« of.l. c.,.or,..« A.CI.«nd 
^‘’^'nioce of ,.ho.phon.. in n .iefla^.in^t »,K«n »,>on.an«.u.ly in 


gn*en 
chloride : 


H, T<1.-2Hn. 
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A jet or chlorine bums with a grey neeme*shaped Aaine when jntro<iuced 
into an inverted jar of hydrogMt a*hich U burning at the mouth. 

A piece of dry red flannel 
and some dry litmus paper 
suspended in a jar of chlorine 
containing some concentrated 
sulphuric acid to dry the gas, 
are not bleached. In moist 
chlorine bleaching occurs. 

A burning taper burns in a 
jar of chlorine with a small 
dull .red flame, clouds of black 
carbon and white fximes of hy» 
drochloric acid being evolved. 

Paraffin wax is a mixture of 
hydrocarbons, the chlorine re* 
moves the hydrogen forming 
KC1» and seta free the carbon, 
with which it does not combine 
directly. 

A mixture of 2 vole, of 
chlorine and 1 vol. of methane 
CH4 in a gas jar, buxni when 



Pio. l22.^Combustion of scdixim in 
cbloriae. 


kindled with a taper, giving fumee of hydrochloric acid and a cloud of 
carbon: CH4 + 2CI,*C + 4Ha- 

A mixture of 2 vols. of chlorine and 1 vol. of ethy. 
lene C|H| ^en kindled with a taper, bums with a 
red flame, emitting a dense black cloud of carbon 
and fumes of hydrochloric acid: C.H. + 2CJ,s 
2C + 4Ha. 

A little turpentine Ci^H,^ poured on fl]ter*papor 

catches Are when plunged 
into a jar of chlorine, 
giving a black cloud of 
carbon and fumes of 
hydrochloric acid : 

+ gCl| * 

loc-fieHa. 

Chlorine combines 
directly with sulphur 
dioxide SO,, carbon 
monoxide CO, and ethy- 
lene CjH,, forming sul* 
phuryl chloride S0,C1„ 
carbonyl chloride (phos- 



f'JO. 123.— Combustion of hydrogm in 
ohJonne, 
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Chlorine water. — Chlorine is fairly soluble in water, 2*68 yolumes of 
gas dissolving in 1 volume of water at 15^. The volumes of chlorine 
reduced to 0^ C. and a total pressure (gas -t- water vapour) of 760 mm. 
dissolved by 1 volume of water are : 

0* 10* 15* 20^ 26® 30® 40® 60* 60* 

4-61 3 095 2-635 2-260 1-985 1-769 1-41 1-20 1-0 


Below 9-6^ the saturated solutions are metastable, being supersaturated 
with respect to the solid chlorine hydrate, In presence of which the 
solubility has a maximum value. 2*98, at 9*6®. The solution prepared 
by passing chlorine into water is yellow, smells strongly of the gas, and 
is called cklorint unUr. It has bleaching and oxidising properties, 
precipiutes sulphur from a solution of hydrogen sulphide ; H^S 
2HCI + S, and liberates iodine from potassium iodide solution : 2KI + 
CU-2KC1 -»-l 2 ; with an excess of chlorine water the iodine reacts to 
form iodine chloride ICl A solution of sulphur dioxide (sulphurous 
acid) is oxidised to sulphuric acid : 


SO, + Cl, + 2H,0 -H,SO* 2HC1. 

When chlorine water In a flask inverted in a basin of the same liquid 
is exposed to bright sunlight, it is decomposed with evolution c»f wygcn, 
and a solution of hydrochloric acid remains ; 2H,0 + 2C1, “ 4HCI + U,. 
In diffused daylight some chloric acid is formed ; 


OCl, +3H,0 - HCIO, + 9HCI + 0,. 

Chlorine is more soluble in concentrated hydrochloric acid than in 
water, perhaps because a compound HCI, Is formed. , , . * 

Chlorine hydrate.— If chlorine is pawed into water cooled m ice. 
almost white crystals separate. This substance, discovered by Ber- 
thoUet in 1785. is chlorine hydrate- Its composition has Iwn riat^ W 
bo CU.lOHjO (Faraday, 1823), CI,.8H,0 (Roozeboom. 1884), 

(de Forcrand, 1902), and (according to Bouzat and 
Cl 6H 0 if prepared in presence of liquid chlorine. The c^stals are 
Sabirin a Sealed tube it room temperature. When gently warmed 
the crystals melt with effervescence and chlorine is evolved , il tw 
experiment is carried out in the dark, the gas after drying is very pure 

^^lY^cVystsU^of chlorine hydrate scaled up in a strong tube arc 
warmed, they melt and liquid chlorine is formed. 


HTDBOOEN CnLORlDB (Hydrociiixiwc Acip) 
Occurrence,— Hydrogen chloride is found in some volcanic gases ai^ 
in solution in some rivers in volcanic districU. Small { ,3 

hydrochloric acid occur in human (0-2 to 0-4 per cent) and animal (3 

is fo-ed by th. embustfon of 
m chIorir^chl..rine in hydrogen, .nd by tho oxpios.on of 
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a mixture of the tsvo gases when kindled, sparked, or exposed to light : 

H, + Clg-2Ha 

It is usually made by heating a mixture of concentrated sulphuric 
acid and common salt : 

NaCl + H,S 04 -NaHSO* + HCl. 

Sodium hydrogen sulphate {or sodium bisulphate) NaMS 04 is formed 
unless the temperature is higher than etn be reached in a glass flask , 
but when strongly heated with common salt it forms hydrochloric acid 
and normal sodium sulphate : 

NaHS 04 + NaCl - Na,SO* + HCl. 

In the lohoratory pnporation common salt (sometimes rock salt or salt 
wliich has been fused) is placed in a fairly large flask (to allow space for 
frothing) and concentrated sulphuric acid added through a thistle funnel. 
Some gas is evolved at once but when the reaction slackens the flosk Is 
gently heated on wire gauze. The gas ti collected in dry jars by downwartl 
displacement, as it U rather heavier than air. Wlien tha jar is filled with 
gas copious white fumes issue from tlte mouth. These are formed by atmos> 
pheric moisture producing a mist of small droplets of concentrated hydro* 
chloric acid \ the dry gas is quite transparent and it does not fume with dry 
air. The gas may be dried by concentrated sulphuric acid or calcium 
chloride and collected over mercury. 

The gas should not be dried by phosphorus pentoxide. as this slowly 
absorbs it, 227 ml. of dry gas being taken up by I gm. of pentoxide : 
2P,04 + 3HCI » POa, + 8 HPO,- 

A convenient method of obtaining the gas is to uee a Kipp's apparatus 
charged with concentrated sulphuric acid and lumps of sal ammoniac, when 
a regular stream of gsa is evolved : NH,a + H^SO, - NH 4 HSO 4 + HCl. 

Many other metal chlorides of potassium, calcium, aluminium, 
iron, etc.) evolve hydrogen chloride with concentrated sulphuric acid ; 
lead, cuprous, silver and mercurous chlorides react slowly, and mercuric 
chloride not at all. 

Hydrogen chlonde is also evolved by the action of water on the chlorUIca 
of many non-metals : arsenic, boron, phosphorus, silicon and sulphur (but 
not esrbon), and on stannic chloride : 


PCI* + 3H,0 * H»PO* -f 3HC1 
SiCU + 2H*0=s8i0| + 4HCI 
SoCi* + 2H,0 s SnO, + 4HCI. 


eWorida TiCI., »nd sUnnio 
ct^nde react in tha gaseous aut« with water vapour. 

wa^ t sulphur and phosphorus oxychlorides are also decomposed by 


COGj -I. H,0 » CO, + 2HC1 
S0a4.|.H,O = S04-h 2HCI 
Poa, + 3 h,o=r*po 4+ 3Ha. 



210 


INORGANIC CHEMISTRY 


[CHAf 


Very pure hydrogen chloride gas is prepared by the action of water 
on silicon chloride, since that from sodium chloride and sulphuric acid 
contains a trace of hydrogen sulphide. 

On the technical scale hydrogen chloride and sodium sulpliate are 
made by beating common salt and concentrated sulphuric acid in a salt- 
cake furnace (Pig. 124) containing an iron pan A for the first stage of the 
process with formation of NaH$ 04 , and a hearth or fire-clay box {mvffie) 

B, into which the pasty mass from the 
pan is raked and is strongly heated by 
the flames from the producer C to form 
Na^SO^ {$ait cake). The gas is absorbed 
by water trickling over coke or pottery 
cylinders in a large brickwork or stone 
tower to form a solution of hydro* 
P«o- chloric acid called spirit of salt or 

muriatic acid, which may be yellow on 
account of impurities {e.g. iron salts). This acid is transported in 
large globular glass bottles called carboys packed with straw into iron 
crates, or in large stoppered bottles called IVinchesUr quarts. The 
acid is used for cleaning metals (e.g. Iron sheeU before galvanising) 
and other purposes. 

Synthetic hydrochloric acid is made by burning electrolytic clilorine 
in electrolytic hyxirogen In silica tubes, and dissolving in distilled water ; 
in another process chlorine and steam are passed over heated active 
charcoal as a catalyst : cit + Hj •2HCI 

2C1,4 2H,0-4HCU0,- 

Properties. Hydrogen chloride is a colourless gas, normal density 

1 6302 gm. per litre » with a very pungent irritating odour, end itattsclu 
the mucous membranes of the nose and throat. It is not combustible 
and is a non-supporter of combustion. It is liquefied with difficulty. 
The liquid is colourless, b.pt. -S5•0^ density at the b.pt. 1184, critical 
temperature 51•46^ critical pressure 81-55 atm. When the 8^ « 
passed into a tube cooled in liquid sir a while solid, m.pt. - 111*4 , is 



formed , 

The very dry liquid is without action on zinc, iron. 
quicklime, and some carbonates, all of which are 

aqueous acid, but it rwulily dissolves aluminium with evolutionof hydrog • 

2Al ^ 6HCI ^ 2A1C1, + 3H,. The liquid expands on heating between 
and -h 30* more rapidly than a gas. 

When very strongly heated, hydrogen chloride gaa is slightly dis- 
aociated: 2HC1 Hj + CI, : percentage dissociation : 


rc. 


% 


427 
M xKT* 


727 
l-34xl0-» 


1537 

n-274 


1727 

0*41 
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The gas is also decomposed to some exUnt by radium emanation and 
by ultraviolet light. 

Burning sodium introduced into a jar of the gas burns with a 
bright yellow flame, producing solid sodium chloride and liberating 

hvdroiren : _ 

2Na + 2HCU2Naa + H,. 


Aqueous hydrochloric acid. — Hydrogen chloride is very soluble in 
water. When 1 kgm. of water is saturated with the gas at 15® it in* 
creases in weight to 1*75 kgm., and the density is 1*251. It contains 
about 43 per cent of HCl ; the commercial acid contains about 39 i^er 
cent and its density is 1*20. Tlie concentrated acid fumes strongly 
in air. 


DaNsmes or Solutions of Hydrochloric Acid at 15^. 


p.c. HCl 

tienfliiy 

p.e. ua 

Density 

2*14 

' 1*010 

24*78 

M25 

10-17 

1*050 

20*57 

M50 

16*16 

1*076 

34*42 

M76 

20*01 

MOO 

39 II 

1*200 



The great solubility of hydrochloric acid gas in «*ater may be shown by 
tho/o«rUom txp^riment. A large round •bottomed flssk is filled with the gas 
by displacement (this takes some time) and 
flttod with a rubber stopper carrying a tube 
drawn out to a jet. The flask U inverted with 
the tube dipping into water coloured with blue 
litmus solution as shown in Fig. 1 26. By blow* 
iog into the short tube on the second flask a 
little water le forced into the upper flask. The 
gas dissolves, tlie atmospheric preesum forcea 
the water in the lower flask as a fountain into 
the upper flask, and the litmus is turned red 
by the acid solution formed. 

When hydrochloric acid containing 20*24 
per cent of HCl is distiUed under 7G0 mm. 
pressure, the acid passes over completely at 
110® >rithout change of composition, as 
though it were a pure substance. If a 
weaker acid {t.g. 15 per cent) is taken, a 
more dilute acid passes over until the residue 
contains 20*24 per cent of Ha ; if a stronger 
acid (e.g. 30 per cent) is ^stilled it loeee 
hy^gen chloride until the 20*24 per cent 
acid is left. In both cases ftie residual add distils witlmut change 
ot composition. Since the composition remains constant during dis- 
♦1. k composiUon as the Uquid, hence 

the boiling point (110 ) remains constant. This is the Twm'mum boil- 
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Roscod and Dittmar (18^} found that the concentration of the acid of 
maximum boiling point decreases with rise of pressure in distillation : 

Pressure mm. Hg - ... 50 700 760 800 3800 

Per cent HCl in max. b. pt. acid • 23*2 20*4 20*24 20*2 18*7 

By passing hydrogen chloride gas into the concentrated acid at >*23^ 
Pierre and Pouchot obtained a crystalline hydrate HCl, 2H|0 (m. pt. - 18"^), 

decomposing on warming . Rupert ( 1 907 ) obtained 
anotlier crystalline hydrate HChH|0. 

Formula of hydrogen chloride. — The composi* 
tion of hydrogen chloride may be determined 
either by analysis or by syntfusU, 

Analytical mcihodc^ — (i) Hydrochloric acid {sp. 
gr. 1*1) is electrolyBe<l with gas*carboQ electrodes 
(Fig. 126). since platinum is attacked by chlorine. 
^Vhen the acid is saturated with chlorine, equal 
volumes of hydrogen and clilorine are evolved. 

(ii) The closed limb of the U*tube shown in 
Fig. 127 is filled with dry hydrogen chloride gas. 
The lover stopcock is closed 
and the open limb nearly 
filled with li<|uid sodiurn 
amalgam. This stopcock is 
then opened so as to bring 
the gas in contact witli the 
amalgam, and the apparatus 
is allowed to stand. A white 
crust of sodium chloride is 
slowly formed, and the volume of gas after levelling 
is decreased to half. When mercury is poured into 
the open limb of the U-tube to displace the gas 
through the upper stopcock, it will be found to bo 
infiaminable, and is hydrogen. 



t 


Fio. 126. ^Electrolysis 
of hydrochloric acid. 


y 




Fro. 127. — Decom- 
position of hydrogen 
chloride by 
amelgom. 


sodium 


This experiment shows that 1 vol. of hydro- 
gen chloride contains i vol. of hydrogen, or (by 
Avogadro’s hypotbesis) 1 molecule of hydrogen 
chloride contains J molecule or I atom of hydrogen, and hence the 
formula is HCl,. The density of the gas gives the molecular weight 
36*5. This conUins I part of hydrogen, hence it conUins 36*5 parts, 
or 1 atom, of chlorine and the formula is HCl. 

Synthetic method.— The composition of hydrogen chloride may bo 
shown by synthesis from hydrogen and chlorine. 

(i> One lialf of a tube provided with stopcocks (Fig. 128) « 
chlorine and the other half with hydrogen. Jh" '«i^le 8topc«k is 
Ind tlio gases allowed to mi* in a room with diffused daylight (m $u HI 
the gases combine with explosion). After 


few hours combination w 


FORMULA OF HYDROGEN CHLORIDE 
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complete end the greenish colour of the chlorine dUeppeers. One of the end 
stopcocks is opened under mercury end it is seen thet there U no change in 
volume ; if it is opened under water this dissolves the liydrogon chloride 
and dUs the tube (provided the hydrogen and chlorine were pure and exactly 
equal volumea were used). 

(ii) A dry mixture of equal volumes of hydrogen and chlorine is passed in 
the dark into the tube shown in Fig. 129 provided with platinum wires for 
exploding the gas by a spark. Tkt tube is placed behind o strong ghee screen 



Fic. 12^.— Synthesis of hydrogeo Fio. 129.^CzploMon of a mixture 

chloride. of hydrogen and chlorine. 


(in case it should burst) * and s spark is passed. There is a flash of light in 
the tube and s sharp click is heard. Wl^ the tube has cooled it is opened 
under mercury and water succeaaively. with similar results to those de* 
scribed above. 

These experiments show that : 

I vol. hydrogen + 1 vol chlorine -2 vob. hydrogen chloride. 

Thus 2 molecules of hydrogen chloride contain 1 molecule of hydrogen 
and I molecule of chlorine, or 1 molecule of hydrogen chloride contains 
i molecule (I atom) of hydrogen and ) molecule (I atom) of chlorine. 
Hence the formula is HCI. This may be confirmed by a measurement of 
the density of the gas. 

By a careful determination of the llmiUng density of hydrogen 
chloride, Gray and Burt (1909) found the molecular weight 36*187 
r«i^* atomic weight of chlorine (H w 1) » Sfl-igy ^ 1 ^ 

36*18? or 35*468 (0 - 16). By decomposing the gas with heated alumi- 
mum they found that 2 voU. gave 10079 vole, of hydrogen at S T P 
1 he normal density of hydrogen chloride was found to be 103915, and 
weiht of laa O 089873 this gives for the molecular 

(1*83915 X 2) / (0 089873 x 1*00700) -36*191, 
heoce 0-35*191 (H-1), 


F»^“«tric com^tion of hydn^en chloride was directly deter. 

Pw» hydrogen from a 

US, 

•This has occuiTsd in the author’s axpsrience. 
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hydrogen chloride formed was absorbed in water in the bulb and its 
weight was found. The value 01 >35*458 (0 ^IG) was found. Edgsr 
{1908) omitted the water (which gave a little oxygen when chlorine was 
used in excess), used a quarts apparatus, and condensed and weighed the 




Fjo. 130. — Atomic weight of cbtorioe (Dixon and Edgar). 

dry hydrogen chloride in a nickel -plated steel bomb placed in liquid 
air. The hydrogen, chlorine, and hydrogen chloride were all weighed. 

Fhotochamicid union of hydrogen and chlonns. — A mixture of prac* 
tically equal volumes of hydrogen and chlorine, containing a trace of 
oxygen, is obtained by the electrolysis of hydrochloric acid (sp. gr. 1*1) 
with carbon electrodes. The gas is washed with a little water bulb- 
tube and paased through a series of wry thin glass bulbs (Fig. 131), the 

operation being performed in 
a dark room lighted by a ruby 
lamp. After the gas has passed 
for at least half an hour, the 
two ends of the bulbs aro 
closed with wax and the capil- 
fa rise separating them cart- 
fuUy sealed off with a small 
flame. The combustion does 
not usually spread from the 
heated part. The bulbs are 
kept in a dark box. 

Accortling to Faraday (1833) 

concentrated hydrochloric acid 

dllutAl with nine to fifteen parts of water gives *• only a little oxygen with 
muc^ chlorine at the anode." but Bunsen showe<l that evolution 
be^ns to ^^ognUable with 23 per cent acid ; with stronger ac clM^ 
clifotine i* practically pura. With more dilute sci^ chloric ^ 

an Ada as well as oxygen. The amount of oxygen liberated wi 
O IN acid is appreciable, according to Haber and Grinberg . 

A bdb conu^ a mixture of hydrogen and chlorine. 

132). i. exix«od to tho light of buni.ug 

ribboifor flMh-povrder : 

A Similar bulb filled with gas dne<l by passing over PA 
©xplodo. but the gases combine, ns may be shovm by opening 

solution. 


Fjo. 131.— Filling glass bulbs with a mix- 
ture of chlorine and hydfogeo. 
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Tlie llgiit sUrts the reaction, which then goes on spontaneously with 
evolution of heat. Fhotocbemical reactions which Involve absorption 
of energy and atop when the light is 
cut off, arc the formation of ozone 
from oxygen, and the decomposition 
of hydrogen chloride and of ammonia, 
by ultraviolet light. 

According to Thos. Thomson, the 
explosion of a mixture of hydrogen 
and chlorine on exposure to sunlight 
was discovered by Dalton, who com- 
municated it to him by letter before 
the announcement of the aimilar ex> 
periments of Gay-Lussac and Thenard 
in im. 

Pringshelm in 1887 found that the 
mixed gas» when dried with phosphorus 
pentoxide before passing into the bulb, 
does not explode when exposed to 
strong light, but the gases combine 
completely. Following experiments 
of H. B. Baker (1894). Coehn and Tramm (1923) found that a care- 
fully purified and dried mixture of hydrogen and chlorine underwent 
no change on exposure to visible light (A>4000 A.)> but a partial 
pressure of water vapour of 10*^ mm. was sufficient to initiate the 
reaction. With (ultraviolet) light of wave-length smaller than 3000 A. 
reaction occurred even with very dry gases. Other experimenters report 
^at the rate of combination is not affected by moisture. Dixon and 
Harker (1890) found that the velocity of the detonation wave in care- 
fully dried hydrogen and chlorine was 1795 m. per sec., end in moist 
gas It was 1770 m. per sec. Moisture, although assisting the initiation 
ot the reaction, appears to retard it once it has begun. 

investigated and confirmed an effect noticed bv 
Ualton (1809), that a mixture of hydrogen and chlorine did not begin 
to wntract at once when exposed over chlorine water to diffused day- 
7 . “ hesiUtion caUed Uie period of phoU>. 

Bunwn and Roscoe (1857-59) used tlie apparatus 
shown in Fig, 133, caQed an setuioiDeUr. The mixed gases were con- 


Fic. 1 3S.— Explosion of a miX' 
tiifo of hydregen an<l chlorine by 
expoeure to strong liglit of burn- 
ing magneeium. 



Fio. 133.— ActiBOQMtor of Bonseo end Roeeoo. 

£^“4.r sKir- s 

P g»3es free from oxygen the rate of combination is approximately 
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proportional to the square-root of the light intensity. Bunsen and 
Roscoe abo noticed the photochemical induction period. 

Burgess and Chapman ( I9(M) showed that the period of induction was 
due to traces of impurities such as nitrogen chloride in the chlorine 
water used to confine the gases, and formed from ammonia or nitro- 
genous organic matter in the water. If this water was first boiled 
mth chlorine these substances were destroyed, and the gases then 
began to combine the instant they were exposed to light. Traces of 
(»xygen retard the velocity of combination but do not give rise to 
a period of induction. 

The law of photochemical equivaJenca. — Planck in 1900 assumed that 
the energy of light and radiation in general may be absorbed and emitted 
in definite quasU, the quantum < for each frequency v being equal to 
the product of v and a universal constant h. called Planck's cowunt : 
hafi'fix lO-^’erg seconds, <*hv. The smaller the wave-length, the 
larger the quantum, and light of short wave-length (blue, violet or ul^ 
violet) is chemically more active than light of longer wave-length (yellow 
or red ). There is reason to believe that a single quantum of light of wave- 
length 5400 A. can be detected by a normal eye fully adapted in darkness 

(Noddack, 1924). ^ u • i 

Einstein in 1912 aasumed that the primary proct4t in a photochemi^i 
change is the absorption of one quantum of energy from the radiation by 
each reacting molecule. This primary process may be followed by changes 
which occur spontaneously with evoluUon of energy, so that the yield may 
exceed, sometimes considerably, that calculated by Einstein s Uw ef phcte- 

chemical teuirsltnct. * , . 

The products of the primary reaction may also undergo a cycle of chan^ 

so as to be reproduced, in which case the 

infinite unless the - chain reaction - b broken at »me link by 

a foreign molecule {i.g. oxygen) or with the walls of tlie 

union ^ hydrogen and chlorine, at least a mdhon niolocules of 

chloride can be produced per quantum. Nemst suggested the foUowing 

mechanism : 

I. Primary (quantum) reaction (abeorba energy) s 

Clj + h*'*2Cl. 


H. Secondary reactions : 


.CI + H, = HCT + H 

+a,*Ha+ci 


. »ore ch.o.cio th,n corr«. 
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In somo reactions i^otoseasitisaCioa occurs. Phosgene, COCl,, is a 
colourless gas absorbing only in tbe region of the ultraviolet. According 
to the Gnttbuss (1818) and Dr^er (1841) law only ra>'B which are absorbed 
are effective in producing chemical change, and phosgene is not decompoaed 
by visible light. If chlorine, which absorbs blue light, is mixed with 
phosgene and the mixture exposed to ordinary light, the phosgene ia 
decomposed by energy absorbed by the chlorine, which acts as a photo • 
chemical seaadMr : COCl« « CO + CJf The combination of hydrogen or 
sulphur dioxide with oxygen is also aanaitised by chlorine. 



CHAPTER XV 


ELECTROLYSIS 

Electrolysis.— When an electric current is passed through acidulated 
water, decomposition into hydrogen and oxygen gases occurs. The 
process is called dectrolysis. the acidulated water is called an electtolju, 
and the platinum plates bringing the current into and out of the 
solution are called electrodsi. The electrode connected with the positire 
pole of the battery is the pesitiTe electrode or anode, that connected 
with the negative pole is the aegstife electrode or cathode. The gases are 



elertrodee< 


liberated only at the electrode*. The atom or radical of the 
deposited on the anode U the i<a or aaion. that deposition 

cathode U the positiT. ioa or cation. These names are eummansed m the 

diagram in Fig. 134 * 

conductors oC are of two kirtds ; (1) those 

current without undergoing chem.ca „eulbc 

I'^uVud waUr, and solutions of salU. called 

in water they form clectrolytically conducting solutions. 

. It should b. fomomberod th.l Ih. 

Scording to the chargee on ewh. 


2IS 
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Concentrated hydrochloric acid U decomposed by electrolysis into 
hydrogen deposited at the cathode and chlorine deposited at the anode. 
Fused sodium chloride is decomposed into meUUic sodium at the 
catliode and chlorine gas at the anode. With a Mlution of sodium 
chloride it may be supposed that the sodium first deposited on the 
cathode by a priaaty action (i>. as a direct result of electrolysis) at 
once reacts with the water by a sacoodary aetSoa (i.e. one not involving 
electrolysis), forming a solution of sodium hydroxide and liberating 
hydrogen gas. Chlorine is evolved by a primary action at the anode, the 
discharged chlorine atoms combining to form molecules of chlorine gas : 

2NaCl 

/ \ + 

uUiP^e H, + 2Na0H*^2H,0 + 2Na 2Cl-»Clt gee a&cd* 

Red litmus solution is turned blue around the cathode by the alkali 
and is bleached around the anode by the chlorine (Fig. 135). 

The primary depcsitioo of sodium may bo shown at a cathode of 
mercury (Fig. 136). when sodium 
amalgam will be formed and very 
little hydrogen evolved. 

When a solution of copper bu)> 
phate is electrolysed with platinum 
electrodes there is a deposit of red 
metallic copper on the cathode but 
no gas. At the anode sulphuric 
acid accumulates and oxygen gaa is 
evolved. The CuSO^ givea metallic 
copper Cu on the cathode, and the 
SO4 radical at the anode. The 8O4 
reacts with water by a secondary 
action to form o.xygen gas, and a 
solution of sulphuric acid r 

2CUSO4 

cuhode 2Cu 2S04 + 2H,0^2H,S04 + 0, saods 
A Mlution of sodium sulphate on electrolysis gives sodium hydroxide 

tte aSr®*" ®“ “«* oxygen m at 

* “ ® ' 2Na.SO« 

2H, + 4Na0H-.-^H,0 + 4Na 2SO, + 2H,0— 2H.SO, + 0 

-cstbode * s 



Eio. l36-“EI«trolyeis with a 
mercury cathode. 


+ anode 


The produ<^on of acid and alkaU may be shown by addina purole 

sulphate and electrolysing i^The 
U-tube with platinum electrodes (Fig. 136). The litmus is^ed bL 



220 


mORGANTC CHEJQSTRY 


[CSAF 

by (be alkali at the cathode and red by the acid at the anode. The 
hydrogen and oxygen gaaee evolved may be collected over water through 
the aide tubes and tested. 


The dietmction between primary and secondary products of electrolysis 
was made by Faraday in 1833. Faraday thought that acids and bases from 
oxy'salts (e.y. NatO and SO, from Na,SO«) were primary products, and 
metals {t.g. copper) were secondary produeta formed by reduction by 
nascent hydrogen, but Daniel! (1839) followed Davy (1915) in taking the 
metals and acid radicals (e.^. SO4) as primary products. 

Although the theory of secondary reactions givea a plausible explanation 
of the formation of hydrogen and oxygen in the electrolysis of many salt 
solutions, yet the reactions are probably more <iirect. The exiirent is 
carried through the solution by the ions of the salt, e.g. 2Na and SO(. which 
accumulate round the electrics. These are not discharged on the elec< 
trodee. since the hydrogen and hydroxide ions of the water are more easily 
discharged (H,0 s* H 't' OH ). The hydrogen ion is discharged at the cathode 
to form hydrogen gas. leaving the hydroxide ion to form sodium- hydroxide 
with the sodium Ion which had moved to the cathode. The hydro xiile ions 
are di^tcharged and decompose into oxygen gas and water at the anode, 
leaving the hydrogen ions of the water to form sulphuric acid with ths 
sulphate ion which had movo<l to the anode; 40H»0, + 2HtO (seep- 241). 

Faraday's Jaws of electrolysis.— The first systematic investigations of 
electrolysis were carried out by Humphry Davy and were continu^ 
qnaniitaih'tly by his pupil and assisUnt Faraday, who in 1832-33 dis« 
covered two important lavs of ekctroljsis. 

Faraday measured the quantity of electricity passing througli the 
electrolytes by means of a water voltanielor <p. 41), and the modem 
definition of the unit quantity of electricity is also based on its electro- 


chemical aclion (p. 223). 

The quantity of electricity which passes round a circuit is measured 
by the current strength multiplied by the lime. The current 
0 ^ strength is measured In amperes; one ampere 

passing for one second corresponds with umt 
quantity of electricity, or one coulomb. If the 
current passes until 1008 gm. of hydrogen « 
liberated firom the acidulated water, 96,600 
coulombs pass through the cell. If this passes 
as a small current for a long time {e.g. 0*1 
ampere for 965,000 sec.) or as a large current 
for a shorter time {t.g. 10 amperes for 9,650 see.) 
the resu It is the same . Farad ay showed by ex pen* 
Pjo. 137.— Copper mcnts (SCO bclow) that this holds generally for elec- 

coulomewr, troMcs, and also that it applies to the case where 

a„ ion is formed, not deposited, at an electrode. « 
solves from a copper anode in copi»r sulphate solution. Hence . 
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The ureiffhe of an ion deposited or formed at an eUetrode is pTOporixonol 
to the quantity of eleetriciiy wkiek passes through the electrolyte. 

This is Fand* 7 '$ Pint t^w of ElectrolTsu (1832) ; he stated it in the 
form : '* the chemical power of a current of eleciricily is in direct 
proportion to the absolute quantity of efeelricity which passes.'* 

Thismsy be tested by Bnding the weight of copper deposited in a co])|>er 
voltameter (or cotdomeUr) (Fig. 137) by a stevty current in a given 
time. The copper coulometer consists of two siioet copper anocles A Qn<l 



MresAEL Farauav. 


Md'^in supported in two wooden stripe. 

Thle ^ cothode B. supported from the copper rod Kh 

paasJTbv ° P*' **>• ®«‘liode surface is 

f a suitable resistance and a current-measurine instru 

t lA series with the coulometer and a battery Aflor a auitAl^u ♦* 
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series, when (h« weight of copper deposited will be half the previous 
weight. 

By comp&ring the weighU of different ions deposited (or formed) by 
the same current passing through two or more electrolytic cells in series, 
Faraday established another iinimriant result : 

Tfu tveighU ojdifftrent low dtposittd or formed btf the satne quantity of 
electricity are in the ratioe of their chemical tquivalenU. 

This is Faraday** Second Law of Blectrolysis (1S33) ' he stated it in the 
form r “ eleclro-chtmical e^ujWenis coincide^ and art the eamt, 
with ordinary chemical equivalenU.*' If the quantity of electricity is 
00,500 coulombs, the law U more concisely expressed in the form : 
96,500 coulombs deposit or form OM gram^equivalent of any ion in 
electrolysis. This quantity of electricity is called a faraday and 
denoted by F .• 

The ampere is defined as that current which, flowing uniformly for 
1 second deposits under specified conditions 0 001 118 grams of silver 
from a solution of silver nitrate. This is called the electrochcmJe^ 
Muiralent of silver. The weight z gm. of any Ion deposited by 1 coulomb 
is its electrochemical equivalent ; hence the weight deposited by a 
uniform current of C amperes flowing for t seconds is : 

Wmca. 


fWhat Faraday called the '* electro- chemical equivalent '' is what is 
now called tlie chemical equivalent). Since the chemical equivalent of 
silver (which is the same as its atomic weight) is 

of electricity required to deposit this will be I07‘880/0 00l 118 -96,500 
coulombs. 

Farft<l»ys’ second law may bo tested by passing the same current tlirough 
three cells in series conUining : (i) aciciulated water m a water volt- 
meter ; (ii) copper sulphate solution with copper electroties m a copj« 

coulometer; and (hi) a solution of silver nitmto 
in a silver coulometer. The rilrsr ceuloaelsr (Fig. 
138) consists of a platinum crucible, w'liich is 
carefully weighed end contains a 30 
solution of silver nitrate. The crucible is 
on a bnww jilate, which is the negative torminal. 
The anotie is a ro<l of iniro silver suspontiod m iM 
Oj . solution. A smell glass rap is suspendwl tinder 

the anotle to retain detached pieces. The rrys • 
line dep<wit of silver is washed with water tw 
alcohol, find the crucible is drieil in an air-ov 
end wciglied. The volumes of hydro^n 

31fi 



Fio. 138,— Silver 

coulometer. 


OIKJ •••X' . . 

oxvaon an,l the weight, of co,.per an.! silver dep«itod, 

ehould be in the rati., of the oq...velente, vi,. 1 008. . 


weights should 

Not to be confuted wUh the f^rnd. the unit of electrical capacity. 


and lOT-9. 


223 


XV] FABADAY'S LAWS OF ELECTROLYSIS 

Fftraday's second law provides a method of finding the equivalent of 
an element ; for example, the equivalents of copper and silver could be 
determined in the experiment described. 

Faraday's laws apply also to fiutd tUctraiyUi. If an electrolytic 
circuit includes a water volta- 
meter, a copper coulometer, and 
a cell containing fused silver 
chloride with a carbon anode 
(Fig. 139), the volumes of hydro* 
gen and oxygen liberated from 
the water, and the welghta of 
copper and silver deposited from 
the copper sulphate solution and 
the fused silver chloride may 

be found. The weights of hy* 
j s<y Fio. I3S. — Dieeram of slectrcly tic circuit, 

drogen , oxygen, copper and silver ^ ^ 

liberated will be found to be in the ratio of the chemical equivalents, 

1,9, 31-6, and lOS. 



Faraday used fused stannous chloride, which was decomposed into tin 
and chlorine, but the chlorine at once combined with stannous chtorido to 
form stannic chloride, which volatllieed. He found that 3*2 grains of tin 
were set free by the same current which liberated 3' 85 cubic inches of 
elsctrolytlc gee in a voltameter (he does not specify temperature and 
pressure), and hence he calculated the equivalent tin as 57*9 instead of 58 
found by the ch^nlcal method (modem value -59 when H - 1). Faraday 
aUo used fused lead chloride with a carbon anode, from which chlorine was 
evolved. Fused silver chloride gave him trouble because the silver crj'stals 
grew across to the anode and short*circ\iiled tl» current. 

He showed with fused lead chloride and two molten lead electrodes that 
the weight of lead deposited on one electrode was equal to the lot# in weight 
of the other electrode owing to the foRnaHon of lead chloride by the action 
of the liberated chlorine. Both weights of lead were equivalent to tl*e 
water decomposed in a water voltameter. With fused eilver chloride and 
two ^ver electrodee, the loss in weight of the allver anode wae equal to the 
^ight of sUver deposited on the cathode, which was withdrawn as the 
Sliver crystals grew upon it 


Thethwryof electrolysis.— Since the ions appear only at theelectrodee 
to simplest to assume tiat they are charged atoms or radicals, the sign 
of the charge of an ion being opporifs to that of Uie electrode towards 
Which It moves by attraction. Thus : 


h, oioms or rodicoU and eoitons art potiHvt- 

ty cflor^ea atoms or radicals. 

°"® electrode to the other bv the 
A«ged and thU electrolytic current completoa thu 
tttfough the metallic circuit outside the electrolytic Lu. The etrengt^J 
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the (.iimnt i$ uniform throughout the whole circuit, whether the latter is all 
niotallic or is composed of metal >v*ires and electrolytes. Since the 
current in the electrolyte is carried solely by charged ions, the weight 
of an ion moving to an electrode in a given time is proportional to the 
current strength, i.e. to the quantity of electricity passing through the 
electrolyte. This is Faraday's First Law of Electrolysis. 

Faraday’s Second Law of Electrolysis is explained by assuming that* 

The electric charge of an ion is the same for all ions of the same valency 
and is proportional to the valency. 

Thus, a univalent cation such as sodium carries unit positive charge ; 
a bivalent cation such as copper carries 2 unit positive charges ; a uni- 
valent anion such as chlorine carries a unit negative charge equal but 
opposite to the unit positive charge on the sodium ion : a bivalent 
negative ion such as SO4 carries 2 unit negative charges. In generali if 
e is the unit charge then the charge carried by an ion of valency n is 
±n9, positive or negative. A positive charge carried in one direction is 
equivalent to an equal negative charge carried in the opposite direction. 
The charge on a gm, at. or gra. mol. weight of an ion is Nne. where K is 
Avogadro's number, and on one equivalent weight the charge is Ne. 
Hence: Ne-F. 


When the charge Ne passes round the circuit it csrries in the electro* 
lyte weights of ions equal to their atomic or molecular weights divided 
by the valency n, and deposits them on the electrodes. Hence the 
same quantity of electricity deposits weights of ions in the ratios of 
their equivalents. This is Faraday’s Second Law.* 

The electron. — The constant electric charge on univalent ions and the 
simple multiple relation between the charges on multivalent ions suggest 
that electricity like matter is divided into atoms. This was suggested by 
Maxwell in 1873, with some reserve, and in 1874 G. J. Stoney calculated 
this unit charge, which he later called an ekcuon. Helmholtz in 188 
said : The most startling result of Faraday's law is perhaps this. U 
we accept the hypothesis that the elementary subsUnces are compo^d 
of atoms, we cannot avoid concluding that electricity also is divided 
into definito elementary portions, which behave like atoms of elcctn- 
city ” The/ree atom of electricity is the negative electron, and an atom 
which has gained one electron haa unit negative charge, whiUt an atom 
which has lost one electron has unit positive charge. The M^e 
atom, the lightest atom, loses one electron to forn. the 
charged proton. The mass of the electron, determined by J. J. Thom 
in 1807 {p. 381). is only about 1/1840 that of the hydrogen atom 


not !>. thought that K.ra.Uy g»vo this 
not oLy to unclorslotKl anU Ih. pro«-r.t theory .. .Ino to HelmholU. 
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For conrenience, the + or - charge of an ion ia often represented by 
a dot or a dash : 

Na+ -Na*; d- »C1' 

Cu+*-Cu' ; SO4--SO/'. 

The ionic chargee are large. To liberate I gm. of hydrogen, the current 
vhieh light* an electric lamp (0*5 amp.) would have to pass for nearly fifty* 
four Koure. If chargee equal to that aasoeiated with 1 mgm. of hydrogen 
could be given to each of two email metal epheree placed 1 cm. apart, 
they would repel each other with a force of about 10** tons weight. 
Ajb Faraday remarked, the electric chargea concerned in the most 
violent dash of lightning would barely serve to decompose a single drop 
of water. 


Theory of electrolytic dissociation. — AU experiments on electrolysis 
can be explained by the simple assumption that the ions move indepen • 
denlly in eUclrdytes. 

Since any applied E.M.F., however small, will produce electrolysis if 
polarisation {which opposes the electrolysing E.M.F.) is eliminated, it 
seems that no work is spent in breaking up the electrolyte molecules. 
Clausius in 1857 assumed that some of these are already broken up in 
the solution and the only action of the current is to guide the fne charged 
ions to the electrodes. Since the dissociation of common salt into 
sodium and chlorine in solution seemed inconsistent with ordinary 
chemistry, Clausixis assumed Uiatonly very few molecules were ionised, 
this process going further as the ions are removed. A similar idea 
bad been put forward for chemical reactions generally by Williamson 
in 1851. 


In 1887 Arrhenius gave reasons for supposing that nearly all the 
molecules of an electrolyte are dissociated in solution into charged ions. 
In electrolysis the ions move with the current, which in the solution 
consists only of the moving ions. In a solution of sodium chloride 
the salt exists as sodium ions Ka*^ and chloride Ions Ci~. 

When a Cl- ion reaches the anode it gives up an electron e to the metal 
electrode and forms a chJwine atom : a- - Cl + e. The electron passes 
round the metal circuit outside the cell, and an electron from the 
cathode is given to a Na-- ion, so neutralising iU charge and forming 
a sodium atom: Na^ + e-Na. The Ci atoms at the anode form a 
molwules and tiie Na atoms at the cathode either dissolve in mercury 
« the cathode is of mercury, or react with water to form sodium 
hydroxide and hydrogen if the cathode is of platinum 
It should be noted that the sum of the charges on the cations in a 
^lotion must always equal the sum of the charges on the anions, since 
th^ whole solution is uncharged ; e.g. Cu-h- and SO,- and 2 Na+ and 
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The electrooic charge. — The charge od the electron has been deter- 
mined in different ways» notably by E. A. Millikan (1912), who used the 
following very direct method. 


Two metal plates, separated by a distance of about I mro., were charged 
positively and negatively by attaching them to the poles of a battery. Into 
the air above the plates a fine dust of pulverised oil was blown by a spray. 
The oil drops, which settled very slowly on account of their small size, were 
electrically charged by exposure to X*rays. A particular drop, falling be* 
tween the plates through a small hole in the upper plate, was focused in 
the field of a cnicroacope with a scale in the eyepiece, aa shown diagramma* 
tically in Fig. 140. By varying the potential difference between the plates, 

the charged drop could be made to 
move upwards or downwards with any 
daaired velocity. From the ratio of the 
velocities with and without the potential 
difference, the charge on the drop could 
be calculatod. 

It was found that this charge varied 
during an experiment. The variations 
were not continuous, but took place in 
jumps. Bach sudd«i change was assumed to correspond with the gain or 
loss of one or more electrons by the drop, and it was found that the chs^e 
varied in small mulliplea of I -fix i0-*» coulombs. Thus, tht negative 
chargt on Ih* tUctron te s * 1*6 * 10'** coufomhs. 



The value of the electronic charge can be determined in otljcr ways. 
If N is Avogadro’s number, then P-Ne, where F is the faraday , 
hence any determination of N will give a value of «- 

The nattire of the ions.— The question was asked Arrhenius as to how 
it is possible to have in a solution of common salt either free ^ 

free chloriae, since the former is violently sttseked by ‘.f! 

latter is a grcenish-ycUow gas. forming a greenish-yellow 
water The solution shows none of the properties of sodium or chlonn - 
Tlie answer U that neither meUlUc sodium nor chlonne gw •* 
to be present but only sodium jons and chlondc lona. These differ fro 
the free elements by having large electric chargw. , 

Ferrous and ferric salte in solution show quite diffeicnt . 

they show none of the properties of meUllic iron, 
ihehtly magnetic. They are. on the present theoir, 

\ — * :^r.o in «/>Intinn vh. tlie feiTOUs lon Fe**, and ins 



nf th#* ferrous on. ana it is reasonaoic w 

Sn! ^nd chlo'rine atoms are also changed by the assumptwn of 
charges- Metallic sodium and iron may be regarded as discharg » 

having zero charges. Na® and Fe . . +3 for the ferric 

The alsctrovaleacy of an ion is equal to its chaw . + ^ ^ts the 

ion Fe"* -4 for the ferrocyanide ion FelCN)* . It repre 
number of electrons lost or gain^ by the 

forming a cation or anion, respectuely. This is an exwns 
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elementAry idea of valency, since sodium chloride in solution is not 
Na— Cl but Na*- and Cl', two separate ions. 

Reactions between ions. — Since most ealie are ionised in solution, the 
reactions between them usually occur between ions. On adding eodium 
chloride solution to silver nitrate solu^on, the free ailver ion and free 
chloride ion form insoluble silver chloride, which is precipitated, whilst the 
^00 sodium and nitrate ions take no part in the reacrion. Instead of 
the equation : AgNO^ •k NaCl s AgCl * NaNOa. a more correct representa* 
tion is : Ag* NOj' + Na* + Cl' = AgCl + Na* •l'NO»% or since the sodium 
and nitrate ions are not concerned, the ionic eqiutica : Ag' + CI'^AgCl. 
In axL Ionic equation the sum of the poaitive and negative ionic charges 
must be the same on both sides : 

Zn + Cu* s Zn** + Cu 

2re(CNh"" + Cl,a 2Fe<CN),'" + 2C1' 

2N0,' + 21' + 4H* * 1,4^ 2K04- 2H^. 


Oxidation and reduction. — Oxidation and reduction reactions usually 
involve dutn^ o/ valency ; in stannous oxide tin is bivalent, in 
stannic oxids SnO^ it is quadrivalent, and in ferrous oxide FcO and 
ferric oxide Fe| 0 ) iron is bivalent and tervsJent. respectively. The 
oxysalts were represented on the old dualistic theory of Berzelius as 
compounds of basic oxides of the metals and acidic oxides (acid 
anhydrides): ferrous sulphate FeS04-Fe0,80| ; ferric sulphate 
Fe|(S04)4«Fa,0},3S0). Stannous and ferrous chlorldos are also said 
to be oxidised to sunnic and ferric chlorides by the reactions 
SnClj + 2 Cl ■ SnCI-, and FeCIf + Cl - FcClj, the valency of tin increasing 
uom 2 to 4 and toat of iron from 2 to 3 . The reverse changes are 
examples of reduction. 

In the case of ions, it is seen that oxidation is an increase of positive 
^«ge of a cation or increase of positive electro valency, s.g. Fe*' becomes 
Fe'”, and reduction is decrease of positive cation charge or positive 
electrovalency. In the case of anions, decrease of negative charge or 
decrease of negative electrovalency corresponds to oxidation, and 
increase of negative charge or increise of negative electrovalency to 
f®"ocy*'>jde ion Pe(CN),"" » o]cidi«d to femcy.nide ion 
Fe(OT), , manganate ion MnO/' is oxidised to permanganate ion 
MDU4 . Changes of principal valency of the meUI atom in the ion 

^ " Fe(CN)/'" becomes tervalent iron in 
manganese in Mn04" becomes T-valent man- 
ganese m MnO* . If the pnneifil valency of the metal atom is taken 
M positive, that of oxy^, halogens, and negative radicals sa negative 
the iomc charges may be found : ^ ' 


the 


Fe(CN)/"': ferrous iron Fe“, + 2 , cysnide radicsJ CN ,-1 
valen^of the ionis +2-6- -4 . 

Fe(CN),"': ferric IronPeo, +3. the valency ofUi6ionia3-6- -3. 

eharge must remain constant in an ionic reaction 
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Equivalent conductivity. — In a cell containing two platinum electrodee 
I sq. cm. in area placed parallel to each other at a distance of 1 cm. 
apart, the current in amperes which passes through a solution of an 
electrolyte between the plates when the latter are at a difference of 
potential of 1 volt is called the condacCmc; (sometimes spadde eoaductiTi^) 
of the solution, denoted by k. 

The conductance of a cylinder of material of length I cm. and cross- 
section a sq. cm. and resistance R ohms is 

Since a has the dimensions (cm.)* and 1 cm., the dimensions of « are 
ohra’^ cm."' j j 

When a solution of a partly ionised electrolyte U diluted the conduc- 
tivity K decreases because there are fewer ions per cm.* but the degree 
of ionisation a increases with dilution, since more undisaociated mole- 
cules ionise. 

Let a volume ^ cm.* of solution containing 1 gram equivalent of 
electrolyte be poured into a cell with parallel electrodes of any size 
which arc 1 cm. apart (Fig. 141). The current in amperes passing when 

the potential difference between the electrodes 
is 1 volt Is defined as the equivalent conductMty 
A or A. Since the solution contains * unit 
cubes in parallel between the electrodes, the 
current is 4 times the conductivity k, hence : 

If 1 } is the concentration in gm. equiv. per cm.* 

As the volume 4 containing I got. equiv. in- 
creases, A increases and approaches a constant 
limiiinq value A* called the equivaUnt conduc- 
tivity at infinite dilution. Since the concentra- 
tion then approaches zero, A* is also denoted 
by Ao, the equivalent conductivity at zero wm* 
centration. The dimensions of A are those of < divided y 

Thrlp™r<!^.ch of the cquiv.lc^nt con.li.ctivity A to the 
A at incite dilution can be expla.ncl in two ways. U) « > « 

ciumed that the electrolyte ia completely 

concentrations, but the speeds of the ions increase as the sol 



tern. 


Kisi. 141.— Equivatent 

cooductivity. 
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becomes more diluto, untit in very dilute solution the ionic speeds (for 
a given potential gradient between the electrodes) become constant. 
Or, (2) it may be assumed that the speeds of the ions are practically 
constant at the various concentrations but the dissolved electrolyte is 
incompletely ionised » the ionisation increasing with dilution until at 
very high dilutions the electrolyte is completely ionised. 

On the second assumption the ratio of the equivalent conductivity 
\ at any dilution v to that at infinite dilution Ab» when all the electrolyte 
is ionis^> gives the decree of ioaisafiM a at the given dilution : A^/A« « a. 

The dilution is the reciprocal of concentration, t.e. v is the number of ml. 
containing 1 gm . equivalent of total electrolyte . In prac lice, the concentra- 
tion is usually measured in gm- equiv. per litre and (tie dilution ^ in litre* 
per gm. equiv. 

Electrolytes such as acetic acid which are only slightly ionised in 
solution are called week electrolytes, e.g. acetic acid : 


CHjCOOHeeCHjCOO' + 

and their degree of ionisation is given by the ratio « - \/A«. 

Electrolytes such as hydrochloric acid which are largely ionised in 
solution (over 90 per cent) are caUed strong eleetrolytes, and some arc 
now regarded as compleUly ionised. On account of the electrical inter, 
action of the oppositely cliarged ions the change of equivalent conduc. 
tivity on Elution is in this case due almost entirely to changes in ionic 

‘ longer measures the degree of ionisation, 

which 18 practically 1. 

DetoramiaUoji of condoctiTity.— If * dirwt current froa a battery i» 
passed between platinum electrodes in a solution of an electrolyte, the 

M electrolysU proceeds. This U partly 
due to the accumulation of the producte of electrolysis at the electrodes 

which tends to send a current in the opposite 
diction to that driven round the circuit by the battery. This reverse 

electromotive force 

causmg electrolysis, is called the sIwemDotm fon. of poUrlution 
in measurements of the conductivity of electrolytes it is necessary 
a"- 1"- Kohlrausch (I869)'u2d an oteSy 

floy* alternately in one direcUon and then in the 
s!^h ’a amaU time uiterval between the reversab of direction, 

lator. and reversi.^, 

espoees a laigs surface. ^ platmum black 

The electrolytic or conductivity cell B shown m w® wo rn. * . 

attached to the horisontal pUtinieed plaU^^^d 
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sealed Into mercury contecU. from which copper wires are taken to a 
Wheatstone bridge arrangement shown diagramatie&lly in Fig. 143 : r is 
the electrolytic cell and R a resistance box, a metre wire bridge with a 
sliding contact being connected with the coil and telephone ae shown. The 
telephone is used as a detector of alternating current and the bridge is 
balanced when the sound in the telephone Is a roinimum. The cell should 
be in a thermostat of constant temperature, since the conductivity in* 
creases rather considerably with tMcperature. The temperature coefficient 
of the equivalent conductivity { 1 lX){dXldl} is about 2 per cent per degree, 
so that the temperature should be constant to 0*01^. Measurements are 
\isually made at 1 3* or ty. 



Fio. 142. — Conductivity 
cell. 



Pso. 143.— Diagram of conductivity 
apparatus. 


The resistance of the conductivity cell is given by the Wheatstone bridge 

fonnaiB:- = T73^; f - « x 12^ ohm». Ohm'. hM beet, proved 

r iOO - fl ® 

experimentally to apply to electrolytes. The conductance »s 1/r, t.e. 
the current In amperes for 1 volt potential diflerence between the 

electrodea. , , _ 

The electrodea of the conductivity cell will not usually be exactly 1 sq. cm. 

in eree, perallel. end 1 cm. uptrt. w thet the conductance I/r ,» 

equal to the conductivity x. Since the rotation between 

OTly on the dimenaions of the cell, it i. possible to del«inme thtt once 

for all by using as electrolyte a solution of known conductivity. v«. 

non^al sLt^of potassium chloride (74-655 gm. of pum KCl. we.gh^ m 

airTn Utreof.olution)forwhichatl8*x.,. = 0-09822. If ‘h* 

the cell containing this solution is r. = C/r = 0-09822. where C is the 

cLtaat. If any other solution U used, and If the resistance is r ohms, 

thrvilu^ of the equivalent conductivities A for seversJ 
straight lines are from the theoretical equation (p. 240), ana 
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that the observed poinU (shown on the full lines) approach the theoreti- 
cal tines at infinite dUution. 



Fxo. 144 ^Equiv»l*ot cooductivitM of •leetwlyloe. 

(i#ia mediAitii4n)fr9m •' gfadrort«w>4frv>> (SToaniAfH.) 

Kohlrausch's law. — The independent movement of the ions of 
electrolyte in dilute solution which is assumed in the theory of 

4 
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electrolytic dissociation gives a simple explanation of a result dis* 
covered experimentally by Kohlrauseh in IS75 and known as 
Koklrausch’s law : the equivalent conductivity of an electrolyte at infinite 
dilution ie the sum of fuo parte, one depending only on the cation and 
the other only on the anion : 

*K> 

where and are called the mobiliUes of the ions expressed in equiva- 
lent conductivity units (ohm”* era.* equiv."'). This is illustrated by the 
figured for A. at 18^ for four salts, the differences being constant ; 


2 h ( 


13(H) 

Ka 


126*3 


7— KNOt 1 

[21 

.7_NaNO,J 

106*2 


iNaCl— 3 
106*9 

Clearly, 2M -fK*- W* and 3*7 -fer-^NO,*- , , , j f.u 

In order to calculate the separate values of and use is made 01 the 
tranepori number, determined as explained below. 


MoBamns iw AquBona Solutioh at IS*. 


Cations . 


AikioM 1. 


'«* 


Na* 

H* 

NH/ 

H* 

Ag* 

iZn" 

iCu" 

iBa 


433 

64*5 

64*5 

315*6 

54*0 

46-7 

45-5 

65*0 


cr 

Br' 


NO/ 

OH' 

CH|COO‘ 

jSO/' 

iCO/' 


66*3 

67*3 

66*1 

51*6 

174 

35 

67*9 

60 


The large mobiUties of the hydrogen and hydroxide ions ebould be 
noted. 

The value of A, for a weak acid, such as acetic acid at 
ftdtog 315*6, the mobility of the hydrogen ion, to the mobihty of tlie 
anion, e.g. 35 for the acetate ion. CH,COO'. 

* A, for acetic acids 3 16 5 + 35 * 360 5. 

Si".-! 

1*24 X IO-»/M»3 « 10** 104 X 10-*equiv. per cm. 

Nemefe apparatus shown in Fig. 145, 
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U-tub«. ft solution conUining 0-5 gm. of KMnO^ per litre of wat«f, to e»ch 100 

ml. of which 5 gm. of urea have been added to inereaiie ite density, u slowly 
admitted- The surface of separation between the liquids should be sharp. 
A current of 0* 3-0*4 amp. is passed between the 
plfttinom electrodes from D.C. mains. The 
purple MnO*'-ions move towards the anode, ar>d 
the levels alter as shown. If the initial levels 
are marked by thin strips of gummed label, tlie 
change is apparent after 10-15 minute#. 

This experiment shows that the speed of the 
ions in bulk through the solution is very slow, as 
in the diffusion of dissolved substances (p. US). 

In both cases the moving particles enter re* 
peatedlv into collision with the solvent mole* 
cules. The actual ionic velocities under a 
potential gradient of 1 volt per cm. (for very 
dilute solutions, where the influence of the ions 
on one another may be neglected) arc of the 
order of 0-00 1 cm. per sec. 

The ions in their motion in a very dilute 
solution are under the influence of two forces : 

(i) Che driving force of the twteniial gradient ; (li) the /ricfional resist- 
ante of the solvent. The irictional resistance is enormous. In order 
to pull 1 gm. mol. of potassium ions through the solution with a speed 
of I cm. per sec. it would be necessary to apply to them ati aggregate 
force of 1,500.000 tons (Kohlrausch). 

The unequal speeds of different ions moving tlirough an electrolyte 
in the same potential gradient give rise to changes of concentration oi 
eUelrolyu (not ions separately) around the elect rc^es. These changes 
were noticed by Gmelin in 18S8 and by Daniell and Miller in 1843, but 
were first fully investigated and related to the ionic velocities by Hittorf 
^ (1&53). In Pig. 14G the black 

and white circles represent 
the cations and anions, in the 
upper row n before electro- 
lysis and in the lower row 5 
after. The black circles move 
to the left with a speed u and 
the white circles to the right 
with a speed v which, in the 
The vertical line xy divides 


Fio. 146.— Dsmorutration 
of ionic migration. 




O O 6 0 010 o olo o o o oo o o 


•oio o olo o 0 o oio o o o o 0 o 


Fio. 146.— MigTfttioQ of ions. 


case considered, is twice as great as «. 
the original arrangement into two equal parte. 

Before electrolysis there are eight black and white ions on each side. 
After electrolysis, when six equivalents of electrolyte have been decom- 
pos^ and the unpaired ions deposited, there are four undecomposed 
equivalents of electrolyte on the left and six on the right, so that four 
equivalents of electrolyte have been lost on the left and two on the 
right. The loeets of neutral eleetrolyU around Ike elecirodee are in the 
nKK> 9f the epetde of eA« tone migrating away from the eUctrodee. 
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Transport number. — The fractions of the total current carried by 
the cation and anion in the above example are one third and two thirds, 
respectively, or generally 

u/(«+v) and o/(a+o) 

and since by Kohltausch's law the total current is the sum of and : 

IjXm - «/(« + v) and - v/{u + v) (1 ) 

The fraction of the total current carried by one ion is called its (nsspon 
(or iraTisftrenct) number, n. It is not a constant depending only on 
that ion (as the mobility is) but varies according to the mobility of the 
other ion. If and n* are the transport numbers of the cation and 
anion, respectively : iji^ . (2) 

Since the two ions carry all the current 

( 3 ) 


From equation (2) and Kohlrausch's law : 

A* • 

it is possible to calculate and separately from the value of A* and 
either or (the other being given by equation 3). 

Determination of transport number.— An apparatus used for the de- 
termination of the transport number for silver nitrate is shown in Fig. 

147, The three glass parts are connected 

by rubber tubing. The anode a and 
cathode 6 are of thick silver wire 
cemented into glass tubes and the whole 
is filled with silver nitrate solution of 
known concentration and placed in a 
thermostat. While the apparatus is in 
the thermostat the rubber tubes are 
closed by pieces of glass rod /. A cur- 
rent of 0*02-0*04 amp. is passed for IJ-S 
hours. The experiment must be stopped 
before any change has occurred in the 
middle part c of the solution, and the 
current must not be large enough to 
cause heating and consequent mixing 
of the solutions in the different parte 
by convection. A silver coulometer in 
series measures the total quantity o 
electricity passed. After the experiment 
y A arc closed the apparatus Uken out of the thermo- 



. / ^ 
Fio. 147 .— Detennift»*K*n of 
transpert oumber. 
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the total liquid weighed and analysed. The Uquid in the U4ube is run 
out and analysed to make sure that He composition is unchanged. 

An exDeriment gave the following results ; I gm. of original solution con- 
tained OOOU 36 gm.Ag or 0001788 g.AgNO» and 1 -0-001788 =s 0-9982 gm. 
water After electrolysis 20-09 gm . of anode liquid contained 0- 03966gin . Ag 
orO'06227 gm. AgNO, and 20-09 - 0 06227*20 03 gm. water. The original 
solution contained 

0-001136 20-03/0-9962 = 0-02260 gm. Ag 
to 20-03 gm. water. Ag in anode comparUnent has increased by 
0 03955 - 0-02280 * 0-01676 gm. Ag. 

In thesUvercouloraeter0-0322gm. Ag depoeitedandihesame weight must 
have dissolved from the anode, hence the weight of silver which has 
migrated away ^m the anode is 0 0322 - 0-01676*0-01545. Hence Uie 
transport no. of Ag is 0-0 1545/0-0322 » 0-479, and that of NO, is I - 0-479 * 

0-621. 

s 

Absolute velocities of ioos. — Let a completely ionised solution of 1 gm . 
equiv. of electrolyte be electrolysed with a potential gradient of 1 volt 
per cm. The Ions move with spe^s of a and v cm. per sec., and since the 
total charges per gm. equiv. on each kind of ion are P and - P, re* 
roectively, the charges transported per see. are ^aPand -vP, where 
r * 1 fari^ay *96,500 coulombs. Negative charge moving in one direc* 
tionia equivalent to positive charge moving in the opposite direction, 
henco the total charge transported per sec. is aP -t- vP, which is the same 
as tbs current, via. A« * e 2^. Hence : 

-f I, * F(u *v) or m Tu and * Pt*. 

The units are : and ohm'^ cm.* equiv and r coulomb 

equi v.-‘ * amp . sec. equiv - volt oh m“ * sec . equ i v . Hence 1 ,/r - u 
and Ijf ■ vare in (cm. sec.*^) (volt*' cm.) or cm. per sec. per volt per cm. 

Hence the mobilises a and v expressed in cm. per see. for a potential 
gradient of 1 volt per cm. can be <^cuUted from the values of ^i^d 
in the table on p. 232. In this way the following values at 18* were 


found : 

H* 0-00326 

OH' 

0-00181 


K' 0-00067 

NO,' 

0-00064 


Ag* 0-00067 

I' 

0-00069 


Na' 0-00046 

Cl' 

0 00066 


NE«* 0-00066 

SO," 

0-00071 


Strengths of adds. — Acids in solution owe their acidic properties to 
the hydrogen ion, and their strengths may be compared by measuring 
the relative ionisations in solutions containing equivalent weights of the 
acids in identical volumes. The ionisation is most conveniently deter- 
mined by the conductivity, Strictly speaking, Ute degree of ionisation 
should be calculated from the equation e * A/A», but since the hydrogen 
ion is much more mobile than any of the anions of acids (as is seen from 
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the table on p. 232) it carries most of the current, and the equivalent 
conductivities A themselves are therefore ajrproximakly proportional to 
the ionisations. 


Distilled water and ^’^50 solutions of acetic, sulphuric, and hydrochloric 

acids are pour^ into tubes 6tted with 
platinum or copper electrodes (Fig. 
14$). The electrodes are the same 
size and distance apart, and in series 
with each tube is a carbon* 61ameat 
lamp. The tubes are connected in 
parallel with the mains. The lamps 
in circuit with the water and acetic acid 
remain dark because the conductivities 
are so small that hardly any current 
passes. The lamps connected with the 
Fio. 148.— Comparison of con- hydrochloric and sulphuric acids light 
ductivitiee of acids. up. and ths former is brighter than^he 

latter. The order of conductivities of 
the three acids : HCI>HfSO|>CH«*COaH is also the order of strengths. 


lUn 


The strength of an acid is here understood as its degree of ionisation 
in solution in water, and may not correspond with other less well* 
defined properties, e.g. its corrosiveness or even its power of neutralising 
peculiar be^s such as some organic compounds. The strengths also 
vary with the solvent. 

Another interesting experiment illustrating the varying strengths of 
acids concerns the rate of s^ut ion of mtUiU with liberation of hydrogen, 
an old method later discredited and now again restored (p. 104). 


The ionisation of electrolytes.— The purest water which can be 
obtained is a very poor conductor of electricity. After allowing for 
the effect of traces of conducting impurities, a sliglit conductivity due 
to the ions of the water itself remains. The ionisation of waWr into 
hydrogen and hydroxide ions is very small, and a sUte of cquilibrmm 
is set up : +0H'. To pass a current of I ampere through a 

centimetre cube of pure water at IS' would require a potential grad^nl 
of about a million volts. U. of 500,000 accumulator cells in senes. Ihe 
amount of water ionised is only one gm. rool. in ten million litres 

H fern mol of hydrochloric acid is dissolved in water so that the 
total volume of solution is 1 litre, the conductivity U increwed nearly 
ten millionfold. This is due to the ionisation of the hydrochloric aci^ 
HC1 = H' +Cl'. Nearly all the aeid exists in the solution in the form 
of ions which carry almost all the ciirrent. 

Electrolytes which are largely ionised m solution 
eUctrolfitef^ose which are only slightly ionised are called irwk 
lulL The following tabic gives the degree of tmteatim oi “ 
by the conductivity. « =A/A.. in A7I0 solutions ; although the results 
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for strong electrolytes hsTe been modtfed by m<^em theory (p. 310) 
the general picture given by the table is still significant. 


Acids 

Hydrochloric (H*, Of) • 0-92 
Nitfic(H’eNO,') • • OW 

Sulphuric (H%HSO/) • 0 6 \ 

Phosphoric (H*, HjPO*') • 0*28 

Hydrofluoric {H*. I") • 0 085 

Acetic COO') - 0013 

Carbonic (H% HCO,') • 0*0017 

Hydrosulphuric (H*. HS')- 0*0007 

Boric (H*. H,BO;) • • 0-0001 

Hydrocyanic <H*,CN') • 0-0001 

Bases 

Sodium hydroEide (Na\ OH'} 0*91 
PoUssium hydroxide <K*. OH') 0*91 
Barium hydroxide (Ba*\ 20H'))0*8I 
Ammonium hydroxide 

(NH/,OH') 0*013 


Salts 

PotaaaiuoiAihlor ids (K* » Cl') • 0 88 

Sodium chloride (Na', Cl') 0*85 
Potassium nitrate (K'> NO/) • 0*83 

Silver nitrate (Ag*. NO,') • 0-82 

Sodium acetate (Na*» CH, COO') 0*80 
Barium chloride (Ba'*> 201') • 0-75 

Potassium sulphate ( 2K‘ . SO,") 0*73 
Sodium carbonate (2Na*, CO,") 0*70 
Zinc sulphate (Zn‘ * > SO," ) • 0*40 
Copper sulphate (Cu* ‘ . SO," ) • 0-39 

Mercuric chloride (Hg'*. 2CI') < 0*01 
Mercuric cyanide (Hg**, 2CN') 

very small 


KeutraUsation. — Acids are substances producing the hydrogen ion 
in solution: HCl-H+Cr. Bases are substances producing the 
hydroxide ion in aqueous solution ; Na0H«Na* -kOH'. 

When an acid and a base in solution are mixed a salt is formed and 
the solution becomes neutral. This is usually represented as : 

HD + NaOH - NaCl + H^O. 

Since the acid. base, and salt are ionised, the reaction occurs between the 
* (H* + Cl') + (Na* *f OH') - (Na* + Cl' ) + H,0- 

The Na' and Cl' the ions of the salt take no part in the change and are 
free before and after the reaction. Hence neufraltaari'oR ts tht union of 
the kydrogtn ion of an acid with thi hydroxide ion 
of a base (o form praeiically undie$ociaUd tatter : 

H +0H'-H,0. 

The hydrogen and hydroxide ions have the 
greatest mobilities, and on neutralisatioo. when 
these ions are withdrawn, the conductivity di* 
m i n ls h es. This is shown by the following 
experiment. 

Fit a rectangular glass trough with two abeet 
copper electfodea (Fig. 149). Connect these of coiriuctiviiy on neut* 
through an ammeter with two aocumulatora in **li*atioa. 
seriea. Pour into the cell N-NaOH solution coDtaining cane sugar to in« 
craase its density and coloured with phenolphthalw. Float a slice of cork 



FlO. 149.— Dinunutton 
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on this solution, and by means of a burette introduce an equal volume of 
N*HC1 as a definite stratum above the alkali. Switch on the current and 
observe the reading of the ammeter. This is a measure of the current 
carried by all the ions, Na*. H*, OH', Cl'. Now stir the two liquids with a 
glass rod and notice the reduced reading of the ammeter. The ions Na* 
and Cl' alone now carry the current. 


A modihcation of this method may be used in litraiiTtg an alkaline or 
acid solution which is too strongly coloured to allow of an indicator 
being used. 

Heat of neutralisation. — The heat evolved in the neutralisation of 
one equivalent of a strong base by one equivalent of a strong acid 
should be the same for different acids and bases, since the reaction in 
all cases U the union of h)‘drogen ions from the acid with hydroxide ions 
from the base to form practically undissociated water: H -i-OH'- 
H,0. 

This is verified by experiment ; the heat of neutralisation per gm. 
equivalent of any strong acid and base is equal to about 13*7 k. cal. 

HCl Aq + NaOH Aq 13 70 HNO, Aq +NaOH Aq 13 70 

HBr Aq + KOH Aq 13-76 HCl Aq + }Ba(OH), Aq 13-85. 


If the acid or the base is weak the unionised acid or base will dis- 
sociate as neutralisation proceeds, and this dissociation causes an 
absorption or evolution of heat. An example is the heat of neutralisa- 
tion of hydrofluoric acid. 

This is 16 3 k. cal-, and if exceas of hydrofluroric acid is added to the 
neutral fluoride solution 0-3 k. cal. is absorbed. The conductivity of 01 N 
hydrofluoric acid shows that only 15 per cent is ionised. On neutralisation, 
the ionised part of the acid is removed end the unionised part is progressive- 
ly ionised until all the H* ions are removed and only F' ions remain. It 
follows from the heat of neutralisation that the ionisation of hydrofluoric 
acid evolve# heat. The heat absorption whore exceas of acid is added is 
nrobably due to the formation of an acid fluoride. If iho salt formed is 
sliBhtly ionised (a rare case) or is insoluble, the heat of neutralisation will be 
obnormal, since association of the ions of the salt or the precipitation of 
the salt, will lead to heat change#. 


Thftorvof acids and bases.— In aqueous solutions of acids the hydrogen 
ioD is probably attached to a molecule of water, forming 

H O* H* + H,0 - H,0*. Regarded as the result of the removal of 

an electron from a hydrogen atom, the ion H* is the free 

t!S ion fs probably in othor mod.. b«.des 

the theory of acids and bases developed by Arthcnii^. the 
hvdroxicle ion of bases occupies a position as unique as 
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nec««sarv m the case of bases. A neutral ammonia molecule may accept 
a proton to form the ammonium ion and thus function as a base , 

NH, +H* = NH4. 


This is just as much a neutralisation reaction as the acceptance of a 
proton by the hydroxide ion : 

0H' + H'-H,O. 


The ammonia molecule may abstract protons from water : 

NHj + HsO^NHv+OH'. 

and in this case the greater strengUi of amnionia as compared with 
water as a base is shown by the appearance of OH ions, i.e. by an alka- 
line reaction. 


The acetate ion CH,COO- b a strong base, since when a strong acid such 
as hydrochloric acid b added to solution of sixliiim acetate the aceUte 
ions unite with practically all the hydrogen ions, forming weakly ionised 
acetic acid moleeulee, CH»COOH. 

The anion of any weak acid can function as a strong base. When a strong 
acid is neutralised with sodium carbonate the reaction b 


2H +CO," ^H/:0*wCO, + H,0. 

The weak carbonic acid b unstable and decompoiee almost completely. 
In solutions of sodium carbonate, the CO," ions withdraw hydrogen ions 
from the water forming very weak carbonic acid and leaving hydroxide ions 
of the water, which make the solution alkaline : 


CO," + 2H,0 fs H,CO, + 20H'. 

The real base b the carbonate ion. a powerful hydrogen ion acceptor. 
Thb b an example of what b called hjdmljiu (p. 3^). 


lo&bation in stages. — Molecules which can give more than two ions 
oftendissociate instages, but not always. Potassium ferrocyanide ionises 
directly according to the equation: K 4 Fe(CN)j* 4 K* + Fe(CN )4 
whibt sulphuric acid ionises in two stages: -f HSO/, 

followed by HSO 4 « H* -f 80/' . The second stage b incomplete except 
in very dilute solutions. 

At moderate dilutions sulphuric acid should behave as a monobasio 
acid. The conductivity shows that this is the case. But if the acid is 
neutralised with a base, the hydrogen ion b completely eliminated with 
the hydroxide ion of the base to form water : H^SOi + 20H' -80/' -f 
2 H 4 O. As soon as the hydrogen ion correspondi^ with the first st^e 
of the ionisation : H,SO, — H‘ 4 * KSO/ , has been removed the HSO/ 
ion begins to dissociate. The hydrogen ion produced is removed by the 
base and further ionisation of H80/ goes on until all the HSO,' b 
ionbed and only SO/' ions are present. ThU corresponds with the for* 
mation of the normal salt and the acid behaves as if it were dibasic. 

The later stages of ionisation of polybasic acids are almost always 
small ; e.g. with phosphoric add 

HiPO, ea H* +HtPO/ 2H* +HPO/' gH* + PO/", 
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the last stage is so sUght that the PO/" ion in a normal phosphate such 
as Na^POi acts aa a strong base : 

PO 4 '" + H,0 ^ HPO;' + OH'. 

Modem theory of strong electrolytes. — The tendency of modem 
theory is to assume that strong electrolytes are practically completely 
ionis^ and that the change of conductivity with concentration is not 
due to changes in the number of ions with constant speeds, as in 
Arrhenius's theory, but to changes of speed of a constant number of 
ions. In the theory of Debye and Huckel (1923) the electrical forces 
between the charg^ ions are assumed to cause each ion to surround 
itself with an '' atmosphere of iona of opposite charge. When the ion 
moves it tends to leave this atmosphere behind, and to build up a new 
one, but owing to the slowness of motion this takes time and there will 
be an excess of Ions of opposite sign behind the moving ion, tending 
to drag it back. This eff^ is greater the larger the concentration, 
hence the ions will move faster in more dilute solutions, and the 
equivalent conductivity X will increase on dilution until at infinite 
Elution, when the ionic forces are negligible, it reaches a constant 
value A«. 

A second effect retarding the motion of the ions is due to the friction 
offered by the solvent to the motion of the ions composing the ion 
atmosphere. This atmosphere must be dragged by the moving ion 
through the solvent, thus giving rise to a retarding force which also 
disappears (Like the first effect) at infinite dilution, when the frictional 
force on the central ion alone remains. 

The theory shows that the equivalent conductivity which would 
be shown if the ions exerted no action on one another, is reduced to the 
value A - -aVc, where c - concentration and a is a constant, and Fig. 
144 shows that when A is plotted against the square-root of the con* 
centration it gives, at small concentrations, a straight line. This was 
discovered empirically by Kohlrausch many yearn ago. The theory 
shows that the slope of the A and •Jc line should be greater with ions of 
higher valency {e.g. Cu”, SO*") and thU also had been found by Kohl* 

*^*E*Adence for the theory of electrolytic dissociaUon.— The mein lines of 
evidence for Arrhenius’s theory may be summarised as follows : 

( n It explains all the facts of electfolysis- 

(2) It explains why the equivalent conductivity of an electrolyte m- 
croasea with dilution to a fixed maximum limit (A.). 

(3) It accounts for the fact that the properties of electrolyte solutions are 
adcHtively composed of the properties of the i<^. 

(4) It explains reactions in qualitative analysis, 

(Cn give the same reaction with silver nitrate whilst chloratee (CIO, ) do 

""'fsf It Ixpl^^the effect of excess of reagent on the 

pf!. Uato r solubility product effect see p. 312), including the ab- 

L.,.rnAl cftsoa wJien complex iona are forme<l- 

gives an explanation of ‘ abnormal - osmotic pressures, freonng 
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point depressions and boiling point elevations sho^v-n by elecarolytos (see 
adapter XVI), and the values of a (extent of ionisation) calculated from 
the conductivity agree approximately with those found by the osrnotj<; 

methods. . . - > i i 

(7) It explains the constant heat of neutralisation of strong acjds anu 

bases. 

(8) The " anomalies '* of strong clectrolyUa, t.y. thcjr deviation Irom 
Ostwald's Dilution Law (see p. 299) are explained by a extension of the 
theory in which ionisation is still assumed. 

(0) It explains the action of voltaic cells. 

(10) It is in good agreement with theories of the structxire of the 
atom. 

M the so-called “ objections " to the tlieory are based on misunder. 
standing or faulty experiments or interpretations, and need not be 
stated. 

Decomposition poteotiaU. — Although the deposition of a gm. equiv. of 
any ion requires the passage of the same gxanftly of electricity (96,500 
omb.) the erurgy is different for different ions, and since this is the pro- 
duct of coulombs snd volts it follows that the decomposition potentials 
are different. A Daniell *8 cell ( M volts ) will not decom pose water w h i 1st 
an accumulator (2 volts) w ill do so. 

When decomposition proceeds, the electromotive force set up by the 
products of decomposition deposited on the electrodes acting as a 
cell must be overcome before further deposition of ions can occur. 


DscosiFOsmoii Potentials iv N-Solvtions 


HNO, 

1'89 

NaOH 

LC9 

ZnSOi 

2-36 

H,80« 

187 

KOU 

107 

NaNO. 

2*16 

KCI 

131 

AgNO, 

0*70 

NaCl 

1*98 

HBr 

0-94 

ZnBri 

1-8$ 

CaCl, 

1*89 


HI 0-92 

The table shows that wften only kydrogtn and oxygtn are deposited^ 
the decomposition potentials for solutions of salts, acids and alkalis 
are nearly the same. Le Blanc (1893) assumed that in such cases the 
currorU is carried fhrottyh iAe solvtion by the ions of Ihe soU but ike ions of 
water H* and OK', being more easily deposiisd and at a lott'er pofen(ial 
than the metal or acid anions, are deposited at the electrodes forming 
hydrogen and oxygen gases. The other ion of water remains in solution 
at the corresponding electrode, forming acid or alkali with the salt anion 
or cation which hqs arrived there after carrying the current through 
the solution to the electrode. 

In the electrolysis of sodium sulphate solution, the sodium and • 
sulphate ions are present in large amounts and carry the current through 
the solution. At the electrodes theso ions are not discharged, since the 
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hydrc^en and hydroxide ions of water are more easily discharged . The 
result is : 






JOj + HjO 

♦-SO*" 

2Na*-^ 

H, 





20H' 

2fl* 

20H' 

2H- 


That is, 2NaOH + Hs are formed at the cathode and + 

+ HjO at the anode. The same result was found from the complicated 
(and probably incorrect) scheme of secondary reactions usually giren 
(see p. 220). 

Only very small amoxints of hydrogen and hydroxide ions are present 
in the water but as fast as they are d^charged fresh supplies are formed 
by the ionisation of the water. 

In the decomposition of HOI, HBr and HI the potentials are smaller, 
since halogens and not oxygen are liberated at the anode, and with 
AgN03 silver and not hydrogen is liberated at the cathode. 

In the electrolysis of sodium chloride solution (brine) as in the 
industrial preparation of chlorine and sodium hydroxide (p. 204)» the 
chlorine ions move to the anode, where they are discharged, and the 
chlorine atoms combine to form chlorine molecules, which appear m 
chlorine gas : 2Cr -Cl, + 2e. The sodium ions moving to the cathode 
are not discharged unless the cathode is of mercury, as In the case of the 
Solvay cell. Instead, the hydrogen ions of water discharge and form 
hydrogen gas as explained above, leaving the hydroxide ions of water 
to form a solution of sodium hydroxide with the sodium ions round the 
cathode : 2Na +2H* +20H' -2(Na* + OH') + H3. 

Usually an ion is discharged when the potential difference ^tweon 
the electrode and solution exceeds a cerUin value called the electrode 
Dotential, but in the case of hydrogen ions especially, an over^tentmi 
w required (see p. 800). On mercury the ovcrpotentia! of hydrogen is 
large, hence sodium ions discharge by preference. 


CHAPTER XVI 

MOLECULAR WEIGHTS IN SOLUTION 

Semipermftal)le membranes.— ^Vhcn a concentrated solution of copper 
sulphate in tbe lower part of a cylinder is covered with a layer of 
water, the copper sulphate gradually diffuiti upwards until the solu. 
tion becomes hom<^neous and of uniform colour. The dissolved 
molecules beliave to some extent like a gas ; they arc in motion and 
possess kinetic energy. If we could interpose a partition in the solu* 
tion which would stop tbe dissolved molecules but would be freely 
permeable to pure water, we should expect the copper sulphate ions to 
exert a pressure on the partition, A partition which freely lets through 
tbe pure solvent but stops the dissolved substances is called a stmi- 
pwmMbls partitieB or (since it is xisuaUy prepared in the form of a thin 
film) a MQupennMblft membnuM, 

If a drop of copper sulphate solution is introduced from a pipette into 
a solution of potassium ferrocyanide a skin forms over it, composed of 
copper ferrocyanide product as a reddish •bro>>'n gelatinous precipitate 
when the two solutions are mixed : 

2 CuSO, +K4Fe(CN),-Cu^Fe(CN>4 + 2K,S04. ' 

The pellicle is semipermeable, because no copper salt diffuses through 
the drop, the ferrocyanide solution remaining clear. The drop expands 
or shrinks on standing owing to passage of woUr through the pellicle. 
By holding the drop suspended and with a bright liglit behind the 
bwker, the streaks due to changes of concentration may be seen. 

An interesting experiment is the Chemical Garden ” first described by 
Glauber in 1649 , A clear solution of sodium silicate of sp. gr. ] * 1 made by 
diluting *' water glass is poured into a tall cylinder and amaU pieces of 
ferric, nickel, cobalt, copper and manganous chlorides are dropped in. 
After a few hours long coloured growths of gelatinous silica coloured by 
metal hydroxides grow from the crystals. A semipermeable film of silica 
IS formed round each crystal and water enters through this and bursts tbe 
film, the salt solution driven out being at once covered by a further film, 
and so on. 

Osmotic pressure. — In order to squeeze pure solvent through a 
semipermeable membrane a definite pressure must be applied to the 
solution enclosed in it. At lower pressures no solvent percolates 
through. The copper ferrocyanide membrane is too weak to support 
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a ))ressur^, so Pfeffcr in 1S77 formed it in the wall of an unglajcd 
earthenware porous pot. The semipermeable membrane can be formed 
in the walls of the pot as follows. The clean and 
dry pot B (Fig. 150) with the glass tube E fixed in 
with sealing wax is gradually lowered into copper 
sulphate solution whilst the potassium ferrocyanide 
solution is being poiired into the inside. The pot is 
then placed in a vacuum for some days to draw the 
air fiom the pores, and allowed to stand about three 
weeks in more dilute solutions. It is then attached 
to the manometer C by sealing on the tube A, is 
fiUed with solution, and placed in water. When the 
pressure developed reaches a maximum it is read off. 
This is the o$m<tlic prtssure of the solution. 

Morse (1901) prepared the membranes by HlUng the 
pot (the pores of which were tilled with water) with 
potassium ferrocyanide solution and immersing it in 
copper sulphate solution, and then electrolysing with a 
copper anode outside the pot ami a platinum cathode 
inside. The Cu*’ and Fe(CN),"" ions moved towanis 
one another in the wall of the pot and formed a film of 
cupper ferrocyanide. As the copper ions move faster, 
the film is formed near the inner surface of the pot. Morse showed that the 
membrane was impervious to sugar for 60 days at an osmotic pressure of 
12 atm., but allowed water to pass. 

Lord Berkeley and Hartley measured the osmotic pressures of concen- 
trated solutions with an apparatus (Fig. 151) in which the porous tube C 



Fio. 150.— M 
urement of osmotic 
pressure. 



• ..minermeable metnbrano is filled with water and aurroundod 

"„r":ne tbe*:/el In remaining stationary. The membrane . 
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gubjected to equal preasurea on both sides end hence » less likely to fail 
under the high pressures meMured- In thU method the pressure is applied 
mechanicdlly to the solution, whilst in Pfeffer's method it is set up by 
solvent entering the closed pot. 

The osmotic pressure of a solution may be defined as the pressure 
which must he applied to the solution to prevent solvent pacing into it 
through a perfect semi permeable membrane, i.e. one which is mccliani* 
caUy rigid and permeable only to the pure solvent. Osmotic pressures 
are quite large (several atm.) for moderately concentrated solutions, 
and pressures of 131 atm. have been measured for concentrated 
solutions. 

The laws of osmotic pressure. — The following results were obtained hy 
PfeCfer with dilute solutions of cane sugar : 

Os>ioTic PRBSstmss os Sugar Solutions at 0* C. 

Co7%uniration C • 10*03 20 14 40>$O Sl'SSgm.Ait. 

PrufurtP . > 0*606 1-34 2*75 4*04 atm. 

Ratio PIC • 0*068 0*067 0*068 0*066 

The ratio is practically constant, hence th4 o$nudU prusurt ai a con • 
9lant Umperaiun is proportional to the consenimlion. Instead of gm./lJt. 
as above, the concentration may be given in gm. mo), per litre. Let 
F- volume of solution containing 1 gm. mol. of solute (dissolved 
substance). Then \/V mC, P/C^PV - const. This is the analogue 
of Boplt's bw. 

Osuonc PftBssuRas or 1 rza csnt Cans Sugar Solutions 
AbtoluUUmp.T* • 273 287*2 306*0 

PreMUfsP (atm.). 0*648 0-671 0*716 

Ratio PIT. 10* • 2*37 2*33 2*36 

The ratio is practically constant, hence the osmoik pressure for a given 
concentraion is proportional to the absoltUe temperature, or P^kT, 
This is the analogue of Cbarla's law. 

The mean vidue of P/C at 0^ C. is 0*066 ; this is the oamotic pressure 
in atm. exerted by 1 pram of sugar in 1 litre of solution. Since the 
molecular weight of sugar is 342, this is also the pressure exerted by 1 
gram moUeule of sugar in 342 litres. The pressure is inversely pro. 
portiooal to the volume, hence It becomes 1 atm. when the volume 
containing 1 gram molecule (mol) is 342 x 0*066 — 22*6 litres. 1 gm. 
mol. of ideal gas confined in a space of 22*4 litres at 0^ exerts a pressure 
of 1 atm. The value 22*6 for a molar solution is nearly 22*4, hence 
solutions obey Avogsdro's law. 

Van’t Hoff in 1685 summarised these results in the statement that 
dissolved substances obey the gas laws. The osmotic pressure o/ a 
eolxUion is equal to the gas pressure which the sUuU would eaert i/ all the 
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#o^-en^ were remored and the diesolved ^ybstance were left in the space in 
the condition of an ideal gas. 

This is only Approximate but becomes more exact in dilute solutions 
just as the gas laws are exact only at small pressures. 

At 0* a sugar solution containing 1 gm. lit. has on osmotic pressure of 
w*066atm.'BO 066 * 76 * 13*0 gin. per sq.cm. The volume containing I mol 


J. M. TAS THOFf (J8S2-lflri) 


ie 342,000 ml. The absolute temperature w 273. Hence in the general 
gas equation (p. 107) PV = Iir 


we have : 


0 066x76* 13-6x 342.000 - R - 273. 


R = 83,410 gm. cm./r. which is approximately the same as the value 

be used to determine moleculer wciKl.U in 
but owins to exiterimentel difficulties tl.e metl.^ is rerely used. 
colloids end soUitos of high moleculer weigl.t, for which ,sirohment pepcf 
or collodiot) niombranes can be used. 

EXAtfPi-H A solution Of 4 gm. Of solute in 100 ml. of solution has an 

osmotic prc^-ufc of 5-3 atm. at I5^ Find the moleculer weight. 
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Th« osmotic prsesxife at 0* C. is 5 3 x 273/2S8 atm. I mol ir\ 22*4 lit. has 
an osmotic pressuro of 1 atm. at 0* C. The actual solution contains 1 gm. 
in 25 ml. the mass in 22-4 lit. is {1/26) * 22400 « 0-04 x 22400 gm. If 
M is the molecular weight : 

M I (0*04 X 22400) » 1 : (6*3 x 273/268) 

/, 178*4. 

Isotoxkic solutions. — An ingenious method of comparing the osmotic 
pressures of solutions was discovered by de Vries in 1^84, He observed 
under the microscope that the protoplasm content of living plant colls 
contracts in a concentrated salt solution. This is called pUsnoi^ia. 
The thin outer wall of the protoplasm acts as a semipermeable membrane 
and when the osmotic pressure of the solution outside is greater than 
that of the natural solution inside the protoplasm, water is forced out of 
the protoplasm and it shrinks. If the osmotic pressure outside is less 
than that inside, the protoplasm swells, and when the pressures arc 
equal there is no effect on the cell protoplasm, Hence it is possible to 
make up a number of solutions all having the same osmotic pressure as 
the cell content, and these aolutiona must themselves have equal osmotic 
pressures. These are called isoionk tclubaos and it is found that they 
contain amounts of dissolved substances in the ratio of the molecular 
weights when they are non •electrolytes, but in the case of electrolytes 
the isotonic solutions contain equal numbers of particles (ions 4 * 
molecules) in equal volumes. 

Freezing points of solutions .^Bishop Watson in 1771 and Blagdcn in 
1788 found by experiments with solutions of salts in water that (he 
hwtring of frttxing point u proportionai to (ht conuntration. This is 
usually called BUgden's law If the depression of freezing point of 
water by C gm. moU. of cane sugar per 1000 gm. of water is Z)^.the 
following experimental results show that D/C is constant ; 


c 

D 

Die 

0*000344 

0*000646 

1*87 

0*002303 

0*004332 

1*88 

0*01028 

0*01906 

1*86 

0*01841 

0-03434 

1*87 

0*0366 

0*06793 

1*66 


Eaoult in 1883 found experimenUUy that if quantities of different 
euhstences in the ratio of ths moUcular xctighU are dissolved in identical 
weights of a solvent, the freezing points of the solutions are identical, A 
molecular weight in grams of a subsUnce dissolved in 1 kilogram of 
water depresses the freezing point by I -SSS*. This is caUed the molecular 
depresiea of txemg print J for water. The value of J varies from one 
solvent to another. 

Let the depression of freezing point produced by m gm. of solute per 
kgm. of solvent be D. That ptodnood by the molecular weight M in 
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I kgm. is the molecular depression J. The two depressions are in the 
ratio of the concentratioxis. hence : 


4 

4 

a 

Water - . 1*858* 

D ic 

u 

• 

M. pt. 

0* 

4 

Formic acid 

J 

• 2*8* 

M. pt. 
8* 

Acetic acid • 3*9* 

17* 

Phenol • 

- 7*27* 

40* 

Benzene- • 4*9* 

6 * 

Camphor 

. 40* 

180* 

Van’t Hof! showed tliat J 

may be calculated from the latent heat of 


fusion and the absolute melting point T/ of the solvent by the formula : 

lOOOt, 

For water: f,a79'74, 273 : also 1‘988 g. cal./l* C. 

J « 1>988 X (273)V<79-74 x 1000) s 1*856. 


Bsamfle. 1 *33 gtn. of carbon tetrachloride dissolved In 65 gm. of acetic 

acid depressed the freezing point from 16*750* to 16*132*. Find the 
molecular svetght of carbon tetrachloride. 

u* * number of gm. of solute per 1000 gm. of solvent » 1 *35 x 1000/66. 
Z>s observed depression = 16*750- 16*132 = 0*618*. 

J 3 molecular depression for acetic acids 3*9*. 

wJ 1*35 X 1000 X 3*9 ... 

Molecular weight of solute 3/ * — 66x0*168 — • 

Tlie molecular weight calculate<l from the formula CCI4 is 153. 

DeUrmination of lowering of freezing point.— The apparatus used (o 
find the depression of freezing point ie shou-n in Fig. 152, 

A very sensitive BMknunn TbMmoowtw O U used, which has a large 
bulb and only six degrees on the whole scale, the latter being graduated 
in hundredths of a degree. There is a reservoir at the top of the capiUaiy 
tube into which mercury can be shaken if higher temperatures are used, 
or from which mercury can be drawn into the tube and bulb if lower 
temperatures are used. The actual readings on tl.e scale do not matter, 

as only their difftrtnee is required. . 

About 20 gm of solvent are weighed into the tube A and a " 

bent wire and the thermometer are fitted into the tube through a cork, 
L th*t thrbulb is covered with liquid. The tube A fitted through a 
cork into a large Ust-tube B. which sorres as an air-jacket and 
loo raoid fall in Umperature. The tube 5 is supported in a freezi g 
mixture (e <7 icc and Wt) contained in the large jar C. The stirrers m 

It is then read off with a lens, the thermometer bemg 


xvx] 


EUTECTIC MIXTURES 


24d 


Mntlv tapped to prevent any adhesion of mercury to the glass. Sup. 
lou the reading is 3*216* (thousandths of the degree are estimated). 

The tube A is then taken out and allowed 
to warm till the solvent liquefies. A weighed 
quantity of the substance is introduced through 
the side tube and dissolved by workit^ the 
stirrer. The tube is replaced in the air-jacket 
and put into the freezing mixture. The pro- 
cess is carried out as with the pure solvent, 
and the freezing point of the solution read off. 

Suppose this to be 2 839^ ; then D, the depres* 
sion of freezing point, is 3*216 -2*S39 ■ 0*377®. 

Eutectic mixtures. — When a salt solution 
freezes only pure ice usually separates and 
thus the remaining solution becomes more 
concentrated. Frming, like distillation, will 
separate the components of a solution. If the 
freezing is continued, the solution becomes 
richer and richer in salt and the freezing point 
lower and lower, since the more concentrated 
the solution the lower Is the freezing point. 

This cannot go on indefinitely, because a 
point is reached when the water left in the 
solution is only just sufficient to dissolve the 
salt. 

On further cooling, both ice and salt must 
separate together in the same ratio as they 

exist in the solution ; hence the temperature Beckmann's 

becomes constant and the whole of the solution rmxjftg point appsretue. 
solidifies at this suteetfc tsnpfraturs (p. 675). 

In Fig. 153, the line from 0® to .E represents the freezing points of 
^ sodium chloride solutions of differ* 

ent concentrations. On freezing. 
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ice deposits unUI the tempersture 
reaches -21*2®, corre^onding with 
the eutectic point E, when ice 
Mid solid salt deposit, On cooling 
a hot saturated solution, solid NaCl 
separates along FT, the curve 
changing direction at the ^ransih'pn 
poini T, when a new solid phase 
NaCl,2H,0 appears. This deposits 
along TE until the eutectic point 
E is reached, the solid NaCl pre* 
viously deposited dissolving and 
(if present in small quantity) 
disappearing in the process. If sufficient solid NaCl is present, the 
solution solidifies completely at T. The temperature corresponding with 
T U 0*15®, when the phases premt are the two solids Naa and NaCl, 
2H,0, and the saturated solution. The composition of the eutectic 


O » so 40 60 
6 rm 9 Ml e* 100 9 . m*tm 

Fio. l&a.— System : 
Sodium ohlond^— wAter, 
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systra at ^ is approximately Naa.l0H,O. and it was onec thought to 
be a definite cryohydratc ” (p. 70). It is a mixture of cry stab of NaQ 
2HsO and ice, the only definite hydrate being Nsa,2H,0. Another 
eutectic point with anhydrous NaQ and ice is located at -22*4^, but 
It is very difficult to establish, since the system readily passes into the 
one involving NaCl,2H,0 at- 21*2®. 


More important examples of eutectic points are met with in alloy systems 
composed of two metale which separate in the pure state on cooling the 
fused alloy. An example, the lead-antimony system, is described on p. 674. 

V ap our presstires of solutions . — I f a non* volatile substan ce is dissolved 
in a volatile solvent, the vapour pressure of the solution is lower, at a 
given temperature, than that of the pure solvent. Further, if is the 
vapour pressure of the pure solvent, p that of the solution, the ratio 
1^* reUtiTi Icweriag cf vs^cur pressure, U found to be 
(1] proportional to the concentration of the solution ; (2) practically 
independent of temperature within certain limits ; {3) the same for 
equimolecular amounts of different substances in equal weiglits of a 
solvent ; (4) the same for different solvents when the ratio of the 
number of gm. mob. of solute to the total number, solute plus solvent, 
b the same. (Raoult, 1897). 

The DobcuUr lowcriag pf vspcur preanre IS therefore a constant for a 
given solvent. In a solution containing N gm. mol. of solvent and n 
gm. mol. of solute, the relative lowering of vapour pressure is found by 
experiment to be given by the equation : 

(Po-P>/P»-»/(^+")- 

Thus, if 1 gm. mol. of solute b dissolved in 09 gm. mob. of solvent, 
there will be a lowering of vapour pressure of 1 per cent, since 


n/(iyr+n) -1/(09 + 1) -0-01. 

The value of N is calculated fiom the weight of solvent taken divided 
by its molccuUr weight in the state of tupour, i.t. S is the number of 
vapour molecules. 

Exasivle-— Pure benrene, C,B,. has a vapour preasure of 751*86 mm. 
at 80®. Whan 2-47 gm. of ethyl benzoate are dissolved in IOC gm. of 
benzene, the solution has a vapour pressure of 742*6 mm. The molecular 
weight of benzene vapour is 78 j A' » 100/78= 1*282. Also (p* - p)/Pi = 
(751-86- 742*6)/76l*86» 0 0123 ; 0 0123 » n/(l -282 + n) ; ns 0 01598. 

But ns2*47/(mol. wt. of ethyl benzoate) ; .*. mol. wt. of dissolved ethyl 
benzoate = 2*47/0*01598 * 154*6. That calculated from the vapour density. 
OP the formula C,H, COO C|H|. is 150. . j * 

Relation between vapoor pressure lowering and fpeesmg point depression.- 
The relation between lowering of vaiwur preseiire and depression oi 
freezing point is shown b Fig. 154. Ut OA be the vapour pro«^ eu^ 
of the pare.eolvent. At the temperature t. solvent freezre. and OD la tne 
vapour pressure (sublimation) cup>-e of ice. It has a different slope (much 
exaggerated in the figure) from OA. The vapour pressure curve of the 
solu^on O'A'. liw below that of the solvent, an.l cuts the ice curve at 0 . 
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corresponding with the freezing point of the solution t. where solution and 
the eeparsted pore ice are in equilibrium, each having the same vapour 
pressure. If this w*ere not the esse 
distillation would oecuy between ice 
and solution and there could not be 
equiUbrium. 

Since O' A' lies below OA, O' will 
he to the lea of O, t.e, or the 
freezing point is lowered as ti>e vapour 
pressure is lowered. For small depres* 
sions OB and O'O* may be regarded as 
straight lines and OO^' is proportional 
to O'O", f^. to f, - r The depression 
of fretting point is proportioHal to the 
lowering of vepour pressure. 

BoUiog pomts of lolucio as . —Lower* 
ing of vapour pressure will cause an 
elevation of boiling point, since the 
boiling point is the temperature at which the ?ai»ur pressure reaches 
atmospheric or other total pressure. If salt is dissolved in water the 
vapour pressure at 100^ is less than 760 mm., and it will be necesssry 
to raise the temperattire above 100^ to reach 760 mm. pressure, i.e. the 
boiling point of the water is raised by the dissolved substance. 

The elevation of boiling point of a solution is often used in the laboratory 
to produce a heating*bath of higher (empemture tlian 100*. For this pur* 
pose, solutions of the very soluble calcium chloride are convenient. They 
may be boiled in iron vessels. The boiling points for given amounts of 
anhydrous salt are as follows : 

326 
ISO* 



Pio. 164.— Vapour pressure curves of 
solvent, solution, ami ice. 


200 

158* 


Parte of calcium chloride per 100 parts of water • 50 

Boiling point U2* 

Such high 'temperature baths may replace those using oil, glycerin, or 
fusible metal, except at temperatures above 200* 


Raoult found that (i) the eUixition of boiling point is proportional to the 
concentration, and (ii) the moleeuUtr election of boiling point is constant 
for a given eolvtnl. 

If w gm. of substance in 1 kgm. of solvent raise the boiling point by 
D^, then if 1/ is the molecular weight of the dissolved substance we have 
D/B where E is the molecular eleratiM of boiliag poiat, t.e. the rise 

in boiling point for 1 gm. mol. of non*Tolatile solute in I kgm. of 
solvent. Hence 



In some types of apparatus, as in that described below, the molecular 
elevation U referred to the volume of the solution, and in that case B is 
the elevation produced by 1 gm. mol. in 1 litre of solution at the boiling 
point. Tbe two values of £ are different. 


1 
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•ppAfitU«. 

in ^ is rea<i. Tho fact that B 


from A passes into B through the 
inner tube a6. which is open to the 
vapour in A at o and ends in a 
perforatad bulb at b. The vapour 
condensea and raises the solvent in 
B to the boiling point, a slow die* 
tillation taking place through the 
condenser C. The boiling point of 
the solvent is read off. The clip c is 
now opened (to prevent liquid being 
drawn back from B into A) and the 
boiling stopped. A weighe<l amount 
of the substance is now a<l<led to B 
by taking out the cork and ther> 
mometer, which are then replace<i. 
The clip e is close<l and the liqui<i 
in A again boiled. The vapour con- 
denses in the solution in B sn<i 
raises it to the boiling point of the 
resulting solution. When the tem- 
perature is sl«a<ly the clip e is again 
opened, the thermometer is taken 
out and the volume of the solution 
is enclosed in a vapour jacket makes 


McCoy's apparatus consists of an outer tube A containing some of the 
solvent and an inner tube B which ia graduated as shown and is fitted wnth 

a Beckmann thermometer (Fig. 155). 
About 15 roi. of solvent are put into 
B and the solvent in A is boiled, 
the clip c being closed. The vapour 


the amount of condensation necessary to raise the sohition to its boiling 
point relatively small. 

Example.— ' 1*710 gm. of urea gave 25*6 ml. of solution in water, boiling 
stlOO-667*. Theinolecularelevation is 0*540*. Find the molecular weight. 


ws* 1*710 « 1000/28*6 60*79. 

Observed elevation of boiling point = 0'667*s I). 
Molecular elevation = 0-640* « B. 

it/swE/D = 0-640 - 69*79/0*557 = 68 (CONtH, = 80). 


The values of E for 1 gm. 

Solvent. 
Water • 
hfethyl alcohol 
Ethyl alcohol • 
Ether 
Benzene • 
Chloroform 


mol. in I kgm. of solvent are given below 

Boiling 

MolecuJer ele^*etiDn of 

point * C. 

boiling point. E- 

. 100 

0*52 

. 64-7 

0*88 

- 78-3 

1*16 

. 35*4 

2-10 

. 80*2 

2-67 

01-2 

3-66 


B m»v b« calculate from the latent heat of evaporation of the solvent 
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in a similar way to that of A from tha latent heat of fusion. If is the 
absolute boiling point. 


E= 


lOOOf^ 


It should be noted that the laws of depression of freezing point, eleva- 
tion of boiling point and loa-ering of vapour pressure given arc true only 
when the pure solvent separates from the solution as solid or vapour, and 
no solute separates with the ice or distils with the solvent vapour. 

Deliquescence.— The lowering of vapour pressure of u ater by a dis- 
solved substance explains deliquescence, which is Ibc liquefaction of 
very soluble substances such as calcium chloride, ferric chloride and 
caustic soda on exposure to moist air. Atmospheric moiature is attracted 
and a little $atu raUd solution is formed . Since t his is very con centrated 
iU vapour pressure is less than the partial pressure of water vapour in 
the atmosphere. The solution goes on absorbing water vajwur and 
since when it is diluted more solid dissolves, in the end all tlie solid will 
go into solution. 

Electrolytes.— In solutions of electrolytes the osmotic pressure, de- 
pression of freezing point and elevation of boiling point arc all abnormal. 
They ace all proportional to the toUl number of solute particles in a 
given volume, and if the solute is dissociated into ions it produces a 
larger number of particles, and hence a greater effect for a given mass, 
than if it were not ionised. A smaller quantity than I gm. mol. will thus 
produce the same effect as I gm. mol. of a normal (non -ionised) 
substance. 

If the observed osmotic pressure U P and the observed depression of 
freezing point or elevation of boiling point is iT, whilst the normal 
values arc P and D, then the ratio P'/P or ly/D (which arc equal to one 
another) is called van't Hoff's /actor and denoted by i. 

If electrolytes obey the same laws as non-electrolytes, the degree of 
ionisation could be calculated from van’t Hoff's factor observed 
osinotic pruturt/ideal o9motic pressure. Let « » degree of ionisation and 
let n ions be formed from 1 molecule of electrolyte on complete ionisa- 
tion . Then in the solution each gm. mol . of dissolved electrolyte gives : 


(I -«) gm. mols. of undissociated electrolyte, 
fltt gm. mols. of ions, 


or 1 -f (n - l)a gm. mols. of solute in all. 


Hence 


F 1/ . l+{«-l)« 

1 




from which a can be calculated. 
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Ex AMPLE. solution of 4*95 gm. of cAxlmixim iodide la ICO gm. of 

water freesee at - 0 320®. The mol- wt. of Cdl, is 366 ; /. the solution 
ooniains 49 8/306 s 0*136 mob per 1000 gm. of water. If the salt were un* 
dissociated this would produce a freexing point depression of 0* J36 x 1*65$^ 
(1*S58^ = molar depreasion). The observed depression is 0*320^. 


/. ias0-320/(0*l36x 1*858) si 266. 


If the dissociation equation is Cdl,s Cd" + 21'. ns 3 ; 


D/fn- l)s 0*266/2 s 0*133. 


i.e. 13*3 ]>er cent of the cadmium iodide is ionised. 

In the case of strong electrolytes which are largely ionised thb method 
does not give accurate reeulu. 8uch electrolytea are regarded as practically 
completely ionised in dilute solutions and the value of a calculated from i 
has no signiHcance. although i itself still retains its erperimental meaning. 


Relation between osmotic pressure and lowering of vapour pressure.— 
Van’t Hoff in 1885 proved that the osmotic pressure, lowering of 
vapour pressure, and depression of frceaing point of a eolution are all 
closely connecte<l. so that if one is given the others may be calculated 

without knowing anything beyond the properties 
of the pure wlvtnt. 

Let solution be containe<i In a tube A (Fig. 156j, 
closed at the low*er end by a semipermeabls mem- 
brane in contact with solvent in C. In the tube a 
column of solution o5 s h will be supported by the 
oemotic pressure. The apparatus is enclose<l in a 
vessel B, which containes only the vapour of tlie 
solvent. The vapour pressure b greater at a thnn 
at & by the weight of the column ab of vapour. 
The vapour pressure at o is that of the pure 
soltvnr in C> whilst the vapour pressure at 5 b p» 
that of the sofwrion in A. Hence p« - the lower- 
ing of vapour pressure, increases with the height o6, 
i.e. with the osmotic pressure, and for small osmotic pressures will be pro* 
portional to the latur, i.e. to ll>e concentration of the solution. 

The vapour pressure p* is greater than that of the solution p by the 
weight of the colt*mn of solvent vapour of height A : 

wp = Ad = Apitf/RT. "‘(I) 

where rf** density of vei>our = pAf/ET where jV = mol. wt. of vapour 
(d».U/F). 

The oemctic pre4sure is ; 





Fjo. 166.— Osmotic 
preature and vapour 
pressure. 


where D ^density of the dilute solution, approximately that of the pure 
\ V = voi. of solution containing I mol of solute. If tho sohition 
U of sol vent an<l n mob* of solute, V = . fn)m ( 2 ) . 




solvent, an< 
contains N mo 
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Substitute h from (3) in <1) : 

-- 

which by gives RBo\ilt's e(|uationi p. 260 : 

The lowering of vapour pressure has beenehown (p. 251) to be pro- 
portional to the depression of freezing point, hence the Utter is proportional 
to the osmotic preesure, and therefore to the concentration. 

The activity of sUong electrolytes.— In ^e case of electrolytes, the 
conductivity A should, according to Arrhenius, give an independent 
method of finding the degree of ionisation from the formula : « 
whilst the osmotic pressure, boiling point, and freeiing point methods 
should aU give a value : « - (i - l)/(n - 1) (j>. 253). If the tvi-o values 
of « agree, this would be a valuable confirmation of the Ionisation 
hypothesis. The following Uble shows that there is only approximate 
Agreement. 




Ionisation 

Ionisation 


Concentration 

from condue* 

from freesing 

Substance 

gm. ttol ./litre. 

tivity %. 

point % 

Naa • 

. OOCl 


98*4 


001 

03-5 

90>6 


01 

84 1 

a4a 

K,SO* • 

. 0001 

92-3 

942 

0 005 

a6*9 

6S7 


006 

70'I 

72-6 

HCl . 

. 0002 

1000 

96*4 


001 

9S*9 

96*8 


01 

93-9 

88-6 


Ths newer theory of electrolytes pula a different interpreUtion on 
these rcaults, since it aasumce that in solutions of the concentrations 
given in the table the ionoations are practically complete, and hence a has 
not the meaning attributed to it above. The variations in conductivity are 
aseumed to be due to changes in (p. 232) of the ions owing to the 

electrical forcee exerted upon each ion by other ions of opposite sign. The 
changes in osmotic preesure (and therefore of freezing point) are also 
regarded as due to the varying attractions exerted between the ions, which 
at ))igher concentrations cause the osmotic pressure to have too small a 
value in ths same way as the attractions between gas molecules at higher 
pressurce cause a diminution of pressure on the walls of the vessel. 

On the new theory, the osmotic coefficient (< • l)/(n I ) and the conduc* 
ivity ratio A/A* are not exactly but only approximately equal. Just as the 
change in equivalent conductivity is explained by varying mobility of the 
ions with concentration, so the variations of the osmotic effect are correlated 
with changes of activity of the ions with concMtration, the number of ions 
remaining the same in both cases. 

Let Ff be the osmotic pressiire calculated on the assumption that the 
electrolyte is compUult/ ionised and obeys the gas laws, t.e. for a binary 
sleotrolyte Ff = 2eIiT, where cs t/V is the concentration. Gn account of 
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inteiionic attrartion tlie obaarved osmotic pressure P is leas than Pf, but 
becomes equal to it at infinite diluticm. Let 


(1) 

where g is the osmotic coeflkMAi« which becomes 1 in very dilute solution, 
when $ vanishes. Equation (1) liolds with and D, or and E, the ideal 
end observed depressions ot freezing point or elevations of boiling point, 
on the assumption of complde ion tear <or. as well as with and P, since theso 
are proportional. 

The value of B represents the deviation from the ideal gas laws shown by 
ions in solution. The theory of Debye and Hiickel ehowe that for an electro* 
ly te giving two ions of ^in it charge ( \i* + A ~ ), at a Mai molar concentration c t 


( 2 ) 

For water at 0’ C. as solvent the value of ^ is 0*372. 

It is convenient to introduce an activity coeAcieat/, dehnad as 

/ = s/c (3) 


a being the activity of the diseolved subatanee. as explained in Chapter XIX. 
Then the Debye* Hilckel theory leads, for an electrolyte of the type con* 
.idered, W the relation ; . iopj~ i -/= (4) 

whore log^ Is the natural logarithm. e«)ual to 2*3026 limes the logaritlim to 
the base 10. For water at 26* C. as solvent the value of is 0*384. 

We must ramember that XlX^, the conductivity ratio, no longer gives 
the degree of ionisation a, nor does the relation of this to the osmotic 
pressure etc. take the form previously de«luce«l. Instead we must introduce 
a new conductivity coeflkisat : 

Debye end Huckel'e theory shows that, for an electrolyte B+A” we have : 


l-A»XVc. 


( 6 ) 


agreeing with experiment in i-cry flUuU soluirbns as seen from Fig- 144. It 
must be kept in mind that (5) and (0). like (I). (2) and (3). imply that tho 
electrolyte is eompltUtg ionUtd. Debye and HuckeVs theory states further 
that the constants ^ end X are independent of the composition of tlio 
electrolyte B+A-. and <lepend only on the eolvent and tho temperature. 

The Brownian movement.— An obvious step from the gaseous theory 
of solution is to identify osmotic pressure with molecular bombardment 
bv the dissolved substance on the seinipermcable membrane. Bolts- 
niann shou-ed. on the assumption that the solute molecules have the 
same mean kinetic energy as gas molecules, that the laws of ^motic 
pressure follow from the kinetic theory. His calculation dropped out of 
sight, until it was revived on the basis of researches of Joan Pemn. 

If an aqueous suspension of gamboge (a gum-resm familiar to 
painters in water-colour) is examined under the microscope the par- 
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tides ftre seen to be in motion, each performing little excursions in on 
app&rendy erratic manner and moving in a sigzag path. This motion 
rras first observed with suspensions in grains of pollen by the botanist 
Robert Brown in 1827 ; it is shown by all suspensions of sufficiently 
small particles and is known as the Brownisn movemsat 

0. Wiener in 1863 suggested that the cause of the Brownian movement 
is the unbalanced bombardment of the suspended particles by the 
moiecuJes of the liquid. This waa confirmed by Svedl^rg in 1906 ; he 
found that the len^h of the path agrees with that calculated from the 
kinetic theory by ^nstein (1905) and Bmoluchowski (1906). 

Perrin found that in a gamboge suspension there was a gradation in 
density of distribution of the particles >vitb height (Fig. 157). Near tlie 
surface, a rise of 1/20 mm. halved the number of gamboge particles 
in unit volume. This is analogous to the fall in density oi tlie atmo- 
sphere, but on account of the small weight of the gaseous molecules a 
height of some hundreds of mUes is needed to get __ 
the same gradation in density as is found in less ~ 
than a millimetre with the comparatively massive _ ' 
gamboge particles. The gamboge particles and 71 > 
gaseous molecules are both supported against the V. ^ 
action of pavity by their kinetic energies. By I 7 

counting the numbers of particles it was possible k, ( 

to find the law of distribution at different heights. * ^ 

If n and n' are the numbers of gamboge particles 
per cm.* at two heighu * cm. apart, then if the ^ 

“ loluticn •• obeys the gas laws the osmotic preeauree ^ Perrin*# 

P .od p- to th« ratio of n to Tho ratio p/p' 
u coan«!t«d with the haight A by tho logorithmie ^ ^ 

^n«trie preaauta formula. The dUUnca A raquirad to produce a given 
waloht ’’rJI?"® “ proportional to the denaity. or molecular 

eito« ’ 1 *^--**?’ preeeure) to an oxygen atmo- 

l^tTrmnr ' kliometrra ie required ; to hydrogen, with 

l™- whilat with carbon dioxide, 
Tetoh^^ 6x 16/22 = 3-64 km. The " molecular 

Sin P'rtielee oouW thu. be celeulatod from the 

n nwnber p« cm.*. «,d finding the toUl 

per cm.» The number of partictee N inquired to make un thi* 

it 10« which isnee^y 
™ of ATopdn's number for a gas. By examininff the 

Brogue fou^dK “43 fl(?r ^ tobaccesmoke, de 

to a feeble 


Tto. 157,— Perrin's 
experiment with gam* 
bo^ euepension. 
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the case of true solutions, the number of solute molecules in a giren 
volumo is much larger and tbe pressure is correspondingly greater. 

Liquid diffusion. — Liquid diffusion, mentioned 
on p. 118 as eTidence of molecular motion, was 
investigated by Graham (1850-62). He placed 
small bottles containing solutions of various sub* 
stances in large jars of water (Fig. 158), and 
determined by analysis the amount of substance 
diffusing into the water in a given time. 

By using apparatus of the same dimensions he 
obtained comparative results and found that 
acids and salts diffuse fairly quickly, whereas 

K ie, starch, and albumin diffuse very slowly. 

e rapidly diffusing substances were (except 
acids) all crystalline in tbe solid state, and were 
called ciysuDoids by Graham. Gum and albumin 
form amorphous soUd masses resembling glue, 
and were called coUoids (Greek kolla, glue). Graham differentiated 
between " two worlds of matter, the crystalloid and tbe colloid,’* each 
with characteristic properties. 



Flo. 15S.< — Graham's 
experimeat oa liquid 
diffusioa. 


Substance. 

Tinee of equal 
diffusion. 

AmounU diffusing 
in equal times. 

Sodium chloride • 

. 100 

100 

Ammonia 

• 160 

$5 

Alcohol • 

* 200 

47 

Glucose . • • 

. 300 

36 

Giun arabic • 

- 700 

0*6 

Albumin 

* 2100 

0'3 


Dialysis. In another set of experiments Graham placed the solution 

in a shallow bell -jar closed below by a piece 
of parchment paper or bladder (i.e. a solid 
colloid). This separated the solution from 
pure water in which the apparatus, called a 
dialjicr (Fig. 159), was placed. Crystalloids 
readily passed through the membrane whereas 
colloids were either arrested or diffused very 
slowly. 

By means of the dialyser a solution of a 
colloid may be freed from crystalloidal im- 
purities (e.<?. salts). A convenient dialer 
consists of a parchment paper tube bent into 
a U-shape, filled with the solution, and placed 
in a jar through which passes a slow stream 
of water (Fig- 160). Small “thimbles” 



used OUodion or cellophane films are more efficient. 

Pour a solutiun of poU^ium iodide «.d starch into s dialyser. 
of a |Le of parcluint paper ti«l tightly over the mouth of a bell-jar. 


of 

of 


Fig. tSS.'-Graham’s 
(lislyaor. 
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PlO. 160.— TubuJftt dialyMr. 


xvi] - - . 

Suspend the bell-j^r the parchment paper dipping into distilled 

water in a dish. After half an hour add chlorine water to the water in 
the dish. A yellow colour, due to liberated 
iodine* shows that the iodide has diffused 
through the parchment paper, but the starch 
is retained, since this would have given a blue 
colour with tlie iodine, as may be seen by 
adding chlorine water to the liquid in the 
bell'jar. 

The distinction between crystalloids and 
colloids made by Graham is too sharp. 

Albumin may be obtained crystalline, and 
common salt may be prepar^ in colloidal 
solution by precipitation in liquids (e.p. 
ether) in which it does not form true solu* 
tioos. The X^ray examination of many 
colloids, such as colloidal gold with particles 
1*86x10*’ cm. diameter, colloidal aiiicio 
acid, iron oxide, cellulose, etc., shows that 
they conUin very small crysUls. The real factor determining whether 
a substance forms a colloidal sdutjon or a true solution is the size 
of the dispersed particles ; it is more correct to speak of the ccUcidal 
ruis than of “ coUoidal substancea.** 

Even carefully filtered solutions of cane-sugar show a slight Tyndall 

?“!? >nth colloidal solutions. 

Urt lUyleigh showed that the blue colour of the sky. fonncrlv atlri. 

^ «“tterjng of light by dust, can be accounted for by the 
eoect ot the gaseous molecules of the atmosphere. 

^ifleation of coUoids.-Allhough all colloidal materials show 
Pfopertiee, it U usual to separate them into three 
defioe^*^^*' •Ithough the lines of separation are not always very well 

"1 gene^Uy caUed Mb. .nd the wlid forms, 
geUtmous. are called geb. The mis are then 

Panicles are soUd and 
«c«ional exceptions 

^lTOnt.«,l?r «>»«‘fication is into 

1 lyophilic (solvent-attracting) coU<^ resoectivelv 

phobic col oids(e^ff. a^nious sulphide, febrile ^de ffi a« 

"■ .Su?ss 
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cliarged sol (ferric oxide) and a negatively charged sol (arsenious 
sulphide) mutually precipitate each other on mixing. 

The distinctions between lyophobic and lyopbilic colloids are 
summarised in the following table. 


LvorKOBic Colloids 


LvopnxLTc Colloids 


(i» Non-viscous. 

(ii) Not very stable and 
easily precipitated by 
electrolytes, the pre- 
cipitation often being 
irreversible. 

(ill) Non-gelatinising as a 
rule. 

(iv) Particles easily detected 
by the ultramicro- 
scope. 

<v} Particles easily show 
electrophoresis in an 
electric Held. 

(vi) Surface tension stmilor 
to that of medium 
(e.^. water). 


<i) Viscous. 

(ii) Fairly stable and not easily precipitated 
by electrolytes I the precipitation be- 
ing usually reversible. They pro- 
tect " lyophobic colloids from pre- 
cipitation by electrolytes. 

(iii) Gelatinising. 

(iv) Particla not easily detected by the 

ultramicroscope. 

(V) Particles do not show electrophoresis so 
markedly. 

(vi) Surface tension lower than that of 
medium, hence solutions easily froth 
oo shaking. 


Molecular weights of colloids.— Organic colloids must have high 
molecular weights ; gum arabic» with the empirical formula 
is acidic, and the small amount of base required for its neutralisation 
shows that its molecule ia much more complex, (CnH^Oji);. By the 
depression of freezing point method, high molecular weights have also 
bMci found : starch, 23,000 ; tannin, J 100 ; silicic acid, 49,000 ; rubber 
(in benzene), 6500. The slowness of diffusion and dialysis » i^derstoocl 
when one considers that with such enormous molecules (often u tra- 
microscopically visible) the molecuUr movement must be very s o«, 
since the square of the velocity U inve^Iy proportional to the molecular 
weight. The otmolic prutum of coUoidal solutions (“f "0"'“ 
expected from the large molecular weights), very t 

be definite. Pfeffer obtained the following values mth 1 per cent 


Potaasium nitrata 

Prewire 
cm- Hg- 
. 179 

Moler tiler 
weight. 

Cane sugar 

- 47 

342 

Dextrin • 

. 16*6 

975 

Qum anibic 

7*2 

3230 


({C,.H„0.,), = 23e4) 


Since the molecular weights arc inversely proj^rtmna. lo .oe 
f;ra:TiiXoCal!.'‘th: ^-esC^Xw ^ may be calculated 
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&om the osmotic pressures and Uie molecular weight of cane-sugar, 342. 
Linebarger (1802), using a parchment'|>a|>er membrane, found the 
molecular weight of colloidal tungstic acid by the osmotic method to bo 
1720, which corresponds with (H«W 04 ) 7 » 1700. 

Graham's suggestion that colloids as a class have high molecular 
iveighu and eomfiex mo/ecalra, possibly formed by the association of a 
number of crystalloid molecules (e.g. in the case of tungstic acid), has 
been generally confirmed. 

The molecular weights of colloids have been determinetl from the rate oj 
Hiffuehn, which ie inversely proportional to the 8 quQre*r«) 0 t of tlie molecu- 
lar wight. Herzog (1008) foucxl the molecular weight of albumin to be 
17,000 : Sabanejeff and Alexandroff found 13,000-14,000 by the freezing- 
point method ; Sorensen found 34,000 by the oemotic pressure methotl. and 
this value was confirmed by Svedberg, using a centrifugal aedin>enta(ion 
method. Svedberg found 373.000 as the molecular weight of casein. TJie 
satisfactory agreement between modem resuiU obuined by difleront 
methods seems to indicate that colloids possess definite molecular weights 
which may vary with tl« method of preparation. 


CHAPTER XVII 

OXIDES AND OXY-ACIDS OF CHLORINE 


Cl,0 — 

— ' H;pochloroua add. HOCl 
^ h CUorMifi HClOa 

CIO, 

_> nkiftKf' Afid. HClOe 

CIA 

ci,0, — 

VQiUltlr M>JU| **K/*WJ 

— > Perchlohe acid. HC10« 


The known aod Qzy«ac>ds of eklonB* are summarised in the 

following table : 

Oxides Oxv-acids. 

Chlorine mononde. 

(CI 1 O 9 unkl)0^^7)) 

Chlorine dioxide 
[Cl|Oj unknown] 

Chlorine bexoxide • 

Chlorine heptoxide • 

The action of chlorine on alkalis : hypochlorites.— Wlien chlorine is 
passed into a cold solution of potassium hydroxide so that excess of 
alkali remains, a liquid smelling rather like chlorine but with a differ- 
ence is obtaine<l. This liquid, discovered by Berthollet in 17S9. is more 
stable than chlorine water and was used under the name of mu de 
JavtlU for bleaching. In England about 1798 the absorption wm 
carried out with milk of lime. Tennant of St. Rollox (Glasgow) m 17Uf) 
found that chlorine U absorbed by solid slaked-hmc and the reaulling 
OUnching pou-dfr gave a bleaching liquor with water. ^ ' 

Balard in \>^i showed that these hlcachiiig substances contain sails 
of hypechlcrpus acid. HOCl. T\\c reactions give an cquimolecular mixture 
of a bTpochlohu and a chloride 

2KOH + Cl, - KOCI 4 KCl + H,0 
2Ca(OH), 4 20, - Ca(OCI), 4 CaCl, 42H,0. 

With 80 , limn hydroxide wlulion « raixti.ro of 
NaOCI and godin.n chlorido i. forraed. This » also 

soilium ourbonate to a solution of bleaching poa-der and filtering from the 
pracipitatwl calcium carbonate : 

CalOCl ).4 CaCI. 4 2Sa.CO. = 2NaOa 4 2NaCI + 2CaC'0„ 

kept cool. 

Acids, even carbonic acid (« ?^«'nosphoric carbon M 
tlic very weak hvpocl.lorous acid from iM salts . solutions o ypi- 
chloritek srueU of the free acid when exposed to air , 

NaOCl 4C0, 4 H,0 =NaHCO, 4 HOCl. 

962 
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The bleaching action of hypochlorous acid k due to oxidation : 
HOCI «HC] +0. Many colouring matters when oxidised yield colcMif' 
lass or feebly-coloured products. Paper pulp from wood is bleached 
with sodium hypochlorite solution and acid. 

The bleaching actioit of chlorine w*atcr may also be Hue to the hypo* 
chlorous acid it contaiiLs. altliough much free chlorine is present* since the 
reaction : Cl, + H,0 ?^HCI + HOC! + C1' + HO Cl, is reversible. Chlorine 

<loes not bleach in the absence of water. 

Tlie excess of chlorine, hypochlorous acid or hypochlorite is removc<l fr<ini 
the bleached material by washing and the last traces by wesliine with ti 
solution of sodium sulphite or thiosulp]^at«. which acU as an antichtor : 

Cl, + Na,SO» + H,0 = Na,SO, + 2HCi 
NoOCi + Na,S0, « Na,.SO* + NaCl. 

The reaction with thiosulphate is complicated : 


Cl, + H,0 + Na,S,0, « Ks,SO, + S + 2HCI 
4CI, -f 5H,0 ♦ Na,S,0, « 2NaCl + 2H,.SO, + OHCI. 

The equations : Cl, + H,0 = 2HC1 + O. and HOCl « HCI + O. show that 
hy^ehloroua acid, for the same weight of chlorine, has twice the oxidising 
activity of free chlorine. There is, therefore, no loss of activity when tlie 
oh orme i. fl«t .bwrW by .Ikali. .Iihough h.lf i* converted into inert 
Chloride. It is the available which causes the bleaching action. 

If chlorine water is distilled, hypochlorous «cid comes over with free 

Cl Jh o l‘u?§’i‘' h^rochioric scid. The equilibritim ; 

p, + H,0 ._ H^l + HCI. IS disturbed by removal of the HOCl 

condenser in a stream of chlorine, so 
In A-m Phu“ unchanged (Kichardson, 1003). 

M^nt ^th^ h? water a^ut 30 per cent, and in A'/lOO about 70 per 
cent* of the chlorine is hydrolysed into HOCl and HCI. 

By coolmg to - 10* a concMtrated solution of sodium hvmochlorlu 

or NaOCI 7^0 ohaking, crystab of NaOCl’oH,0 

U*7H,0 separata. These ere very deliquescent and melt at 18® . 
coolmg, large crysuls of NaOCUB.O J. for^eT^ ‘t 18 , on 

of '"i"' 

hydrate Ca(OCl), 4HaO b forTrl^Tk ^ vacuum. The crystalline 
more stable b^hiiS^:i ® P«>d«ct (,«sxDcWor) is 

contains about 74 Vl* “ 'valer. and 

oxygen in Ca(OCl>,^22-4 ow t»r,t (tbeoreUcal hypochlorite 

W 5 per cent). ^ * hoAce equivalent of 01-22 4 *71/10 = 


JNOKOAXIC OHKMrsTHY 
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2iu 

Tlie app^imtus Unhown in Fi^. l<t|. C1il(»nnr u^^nrratcd fr<»m miiuganeae 
dioxide nnd hydrociiloric acid U vvii^ho<i with n little wnlrr, and paasKl into 
potassium hydroxide solution {iO uf KOH in 40 ml. of water) in the 



Ki«. ICl.^P«‘pereti®*'of poiu»>iiMin rl>l«»rair. 


beaker Cryetals sc|«r«te. an.l to |.r<-vent tl.o ilelivory ttibo beroming 
^oke<i an iriverlci f.ii.nci ie .f«l. \M.on llic atr-i'clv "f 

ei.lr.i-iin. it is cis.lc-1 anil dcconliil Troni llio incniH'linK- crystnle of polwsijm 

pr.vrttula are wik»hc»l once or twiro w ifli « httio cold 
wulor and then rc<TyslalliAC<J from lad water. 1 hey 
ere sparinizly wdnhle in cold water (8 30.*) pn. per 
lOi) Rin. water at J.*) ). 

FoUasiuin eldorote tfivoe certain reactions char* 

flclcrMlic of uU cldorutos : - i •! 

<|) Solutions give no pre<ipitntc wdli silver 
I'— nitrate, but on lien ting the cryslnU melt and give 

- ■«= =■ 
.„g™* Ml. ..I . iM - .i -I- -"'p'”'' 



Kio. IG2.-Crystnl pf 
potiisHiuin chlorate. 



CHLORINE MONOXIDE 
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colour of the indigo \a bleachotl. Tho chiorate is r^ucerl by tlieauipluiroue 
acid to A Jou’er oxido of chlorine which hae strong bleacliing properties. 

{Sj When concentrated sulphuric acid is a<lclcd to a lif/te potassium 
chlorate in a teet'tube it turns orange -yellow, and evolves a yellow explosive 
gas (chlorine dioxide CIO,) having a peculiar oflour : 3KC10, + ZHjSO, = 
KCIO, + 2KHSO* + H,0 + 2CIO*. On warming there is a crackling noise • 
due to explosions of the CIO,. 

(4) Potassium chlorate warmed with concentrated hydrochloric acid 
gives off a y allow gas (euchforint), which is o mixture of chlorine and chlorine 
dioxide : 8KCIO, + 24HCI * 8KCI + 1 2H,0 + 9C'I, + OCIO,. 

Potassium chlorate detonates violenlly when triturated with phosphonie 
or sulphur. (Don^rous). A little of a mixture of the chlorate and sulphur 
dstonstea when wrapped in paper and struck with a hammer. 

Perchlorates. — In the decomposition of jiotassium chlorate by lieat 
poUaH^m psrehlorste Ka 04 U formed: 4KCI0, -aKClO. 4 KCl- This 
was discovered by Stadion in 1815. The rhombic crystalline form of 
the perchlorate (Fig. iA3) differs from the form 
of the chlorate. Potassium perclilorate is only 
sparingly soluble in cold water. 

Potassium perchlorate gives the following rc* 
actions : ^ 

(1) It decomposes at a higher tempera ture then 
tli« chloral* : KCIO, = KCI + 20,. ... 

sulphihN indigo in presence of pot^ium p^hlorata. 

(3) With eoncenlratad aulphur.c acUl it doe* not give a yellow exploaive 
gu, b>it white fumes of perchloric arid HCIO,. 

(4) It does not react with hydrochloric acid. 

«•« dUcoverecl by Balard 

wl l’y,P»»ing a sknc stream of dry chlorine over 

previously hested to 300‘ - 400°, 

rem^n, is A oxychloride of mcreur; 

remains and broivmsh-yeUow chlorine monoxide gu passes on • ^ 

2C1, + 2HgO - HgCl,.HgO + Cl,0. 

It IS condensed b a freesing mUturc to sn orange-eoloured liquid, 




Fra. 144— Preparation of chloric monoxide. 

‘Sr- '?• ^ “ 
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of oxygon : 2Cl}0*2Clt + 0*. The chlorine m&y be absorbed by 
sodium hydroxide solution. The volume relations show that one 
molecule of chlorine monoxide contains one molecule of chlorine Cl^, 
and half of a molecule or one atom of oxygen 0, hence the formula is 
CljO. This is confirmc<i by the density of the ga.s. 

Lic)uld chlorine monoxide may explo<]e if the tube containing it is 
scratched with a hie. If free from organic matter* it may be distilled 
without decomposition. Hydrogen chlori<le decomposes chlorine 
monoxide : Cl^O *»* 2HC1 ■ 201, H^O. The gas dissolves easily in water 
to form a golden 'yellow solution containing bypocblorous Aeid : 
CljO + HgO 2H0CI. A crysUl h.>*drate Clj0.2Hj0. m.pt. -3<r. is 
formed on strong cooling. 

Hypochlorous acid. — This acid is known only in solution. On distilla< 
lion this decom{>oses into water and the anhydride of the acid 01^0. 
A solution of the acid is obtained by shaking chlorine water with yellow 
precipitated mercuric oxide : 

2CI, + 2HgO + HiO -HgCI*.HgO f 2H0C1. 

The liquid is filtered from the insoluble mercuric oxychloride and 
is distilled ; a dilute solution of hypocblorous acid collects in tho 
receiver. 


An intermting reactiun is tlie direct oxidation of hy<lrochloric acid, die* 
covered by 0<lling in I860 : HCl + 0* HOC'I. A current of air is pos«c<l 
through concentrated hy<irochloric acid in a waslwboule, and then through 
potassium |)ermangenole solution in a retort heated on u water bath, when 
hypochlorom aeid distils. 

Hypochlorous acid is most conveniently prepared from blenching 
powder. When dissolved in water, this <Jecom|>oscs into calcium 
chloride and calcium hypochlorite. To a clear solution of bicachiiig 
powder the calculated amount of 5 |>pf cent nitric acid is added slowly 
from a burette whilst the liquid is kept wcW stirred ; hypochlorous acid 
is formed : Ca(OCi), -*• 2 HN 03 -Ca<XO,)j + 2H0Ci. The liquid is dis- 
tilled and dilute hyiwchlorous acid Is obtained. 

Hydrochloric acid reacts with hyi>oclilofotw acid with liberation of frt* 
chlorino : HCI + HOCI ^Cl* + H,0. If an excess of any acid capahlo of 
Jiberating hydrochloric acid from calcium vhlorid© is a<ido<l to bleaching 
powder (or its solution) all the eliloriue is act free : 

CalOei), - CaCI, 2H^SO, - 2CaSO. + 2H,0 s* ‘iCI,. 

Free hypochlorous acid is formed by tho action of chlorine on a 
hyjwchlorite solution : 

KOCl +Cb + RjO -KCU2H0CI. 

This reaction probably occurs in two stages : 

(а) H,0 +CI, ^ HCI + HOCI ^ H +C1- + HOCI. 

(б) OC|-*H -HOCI. 



HYPOCHLOROUS ACID 
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If chlorine a passed into a suspension of calcium carbonoto in wntcr, or a 
solution of so<lium bicar bonate» sulphate, or phospliute. hypochU^rcaiB ocid 
<not a hypochlorite) is formed : 

2CI, + H,0 + CaCO, » 2HOCn + CoCI, -f Ct),. 

TJiis reaction probably occurs in two stages : 

(j) da + HaO Hd + HOCl e* H* + Cl' + HOCI j 
(U) H +HCO,'asH,CO, 

H-fSO,"«eHSOa' 

H+HPO*"a.H,POa'. 

The function of the carbonate, etc., is to remove hydrochloric acid ae it is 
produced, and so prevent reaction (i) coming lo a standstill. 

H>-pochlorous acid is easily made by jjassing carbon dioxide into 
bleaciung powder solution and tlten tlistilking : 

Ca(OCl), CO, r H,0 -CaCO, + 2H0C1. 

Hypoohlorous acid soUition is pale golden yellow, colourless when 
dilute. It IS a weak acid, 0 02 per cent ionised in A'/IO solution, and the 
salts are hydrolysed in solution: OCl' + H,OaaHOCl + OH'. The 
dilute solution is fairly stable in the dark : concentrated solutions dc* 
«mM8e on exiiosure to light, with evolution of oxygen and chlorine 
and lormation of some chloric acid : 

(i) 2H0Cl*2HCi + 0, 

(ii) HCl+HOCI.H,O^CI, 

(iii) HOCl +20 (nascent) .^HaO,. 

by ,.Uti..ura black, manganose 

in alkal’in. on beating with cobalt oxide 

in aJkalme solution evolve oxygen : 2NaOCl -2NaCI + 0. 

^th evolution of hydrogen : 
ocr + H,0, =C1' + H,0 + 0,. 

A yeiio. 

2Cr,OH,,.3N.OC. .4NaOH =2Na,CyO. .6H.0 
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Hypochlorous acid and bypochlorites liberate iodine from potassium 
iodide (hypochlorites in presence of acetic acid) : 

2KI +HOa + Ha «2Ka + 1* + h^o 
2KI HOa +CHjCOOH -CH^COOK + 1* + H,0 + KCl, 
and oxidise sodium areenJte solution to sodium arsenate : 

Na,AaO^ + NaOa » Na^AsO* + NaD. 

Bleaching powder. — Oiloriiie gas does not react with quicklime at the 
ordinary temperature, but at a red heat oxygen is evolved and calcium 
chloride formed ; 2CaO + 20^ -2CaClt + Oj. If chlorine is passed over 
staked lime it is rapidly absorbed, forming bleaching powder or chloride 
of lime. The reaction is usually given as : 

Ca{OH), + Gj -CaOCl, + HjO. 
most of the water formed remaining in the powder. 

In the man\ifactiire of bleaching powder the slaked lime is spread over 
the floors of closed lead chambers so as to expose a large surface and tome* 
what diluted chlorine gas is admitted. At first the chlorine is rapidly 
absorbed but the reaction afterwards becomes slower. The pow der is tiuned 
over with wooden rakee and the action continued until absorption is com* 
plete. which takes 12- U hours. In modem works, large rotating inclineiJ 
iron cylinders cooled externally by water w'here the reaction is vigorous are 
used, the slaked lime passing down in Uto uppoeite direction to the electro- 
lytic chlorine diluted with air. 

Good bleaching powder contains about 35 to 37 per cent of ct'diVoi/e 
ckloriney i.e. chlorine liberated by acids. Some cateitim hydroxide is 
alwavB present. It should be noted that the whole of the chlorine of 
CaOCl, is set free by acid : 

CaOCIj + H ^04 -CaSO, +01, 

Formula of bleaching powder.'^Bleaching {wwder was regarded by 
Dalton (1813) as a molecular compound of lime and chlorine CaO.CU. 
** chloride of lime Balard (1335) suggested that it was a mixture of 
cquimotecular amounts of calcium hypochlorite and chloride : Ca(0Ci)3 
4-Caaj. This does not agree with the facts ; (1) good bleaching powder 
is not veo' deliquescent ; (2) alcohol extracts very little calcium chloride 
from good dry bleaching powder although it readily dissolves calcium 
chloride ; (3) according to Lunge nearly 90 per cent of the total chlorine 
of bleaching powder is liberated at 70^ by damp carbon dioxide, which 
has no action on calcium chloride. 

Kraut (1882) oxplame<l the la^t reaction by the ncHon of chlorine 
monoxide on calcium cldoridc (as.-^umed by lUlafil to bo present) ; 

Co(OCI), + CO,*CaCO, + a,o 
CaCI, Cl,0 CO, = C'aCO, + 2CI,. 
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The properties of bleaching powder agree with the formula proposed 
by Odling (1861): Ca(OCl)Ul, i.e. cakium cU&rc‘bypocbkrite, which in 
solution decomposes into calcium chloride and calcium liyjiochlorito : 

2Ca(0OCl - Ca(OCl), +C^CIt. 

Stahlschmidt (1876) proposed the formula Ca(OH)(OCI). 

O'Shea (1883) tested the formulae of Ralanl, Stahlschmidt and 
Odling as follows. 


He removed any free calcium chloride by tree Indent uith alcohol and 
determined in the reeidue : (i) the total lime CaO ; <ii) the total chlorine 
after decomposition of hypochlorite by ammonia onrl precipitation ae 
silver chloride ; (iii) the h> 7 >ochlorile chlorine, liberating iodine from 
potassium iodide. 

The residue after treatment with akohul. and t lie above ratios, should be 
in the different cases : 


BMtdue 

1. Balsfd • Ca(OCl), 

2. Stahlschmidt • Ca(OH)OCI 

3- Odling . Ca(OClK'l 

4. Found • 


CaO 

i'sO 

bveorhlerile Cl 

loUia 

jiVfiotiiionu Q 

loUl Cl 

1 1 2 

i : 2 

1 : 1 

I : 1 

1 ; 1 

1 : 1 

1 : 2 

1 : 1 

1 :2 

1 : 2 

1 : 1 

1 :2 


Thus, only 0<1 ling’s formula agrees with the results. 

Dits and Neumann considered that the free calcium hydroxide in 
b eaclung i>ow<ler is an eesentisi constituent, and that combined water ie 
a so ^ent. TIte active constituent b Odliiig^s compound. Normal 
bleaching poTv*der is regarded as tlie compound 3Ca(0C!)Cl. Ca(OH),. 6H,0 
In c^plete a^nce of moisture a very hygroscopic compound 3Ca(OCI)Cl, 
La^H)„ 3H,0 is formed, whilst at low temperaturea Co{OCl)CI, Ca(OH), 
H|0 can be obuined. 


^ '2'"'® •" • liypochlirite Ca(OOt),, 

rP^c -L*’ * ^^'^-^hquescent basic chloride CaCl„Ca(OH> H d 

On further chlorination, the b.*ic hypochlorite i, conwted i^to a 

“r^atels o?Soa?‘ (which forma 

ssSisIfIssf 

consisted of rja/nnin (/1)« If bleaching powder 

. j.‘:ruK tr'irSisrss .1 
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bleaching powder, a distinction is ntade between the total and avail- 
able chlorine. 

The estimation of the available chlorine of bleaching powder is 
carried o\it by one of the following methods : 


I. Fenot’s method: A sii.<|K*iiriioQ of bleaching powder is titrated with 
decinormal sodium nrsenitc Si>ltition until a drop of the liquid taken up by a 
glass rod and put on u piece of lUter*|>aper soaUctl in potassium iodide and 
starch solution and dried, no longer gicos a blue colour owing to liberation of 
ioilino. The react M*n w ; 


Xa,AsO, + CaOCh * Sa^AsO, + CaCI,. 


I tnl. of N/10 Na^A^iOa is equivalent to 0*00355 gin. ot available chlorine. 

2. Bunsen and Wagner's method : Excess of potasduin iodide solution 
i!< added to a xtu|iension of bleaching jH)w<lcr and the Jiquiil acidiiietl 
with acetic acid. Iiaiine is libemfc*! : 2KI -»-HOC’l + CHj • COOHsCHj • 
C'00K + I, + H,0 + KC1. ThU is titnitc<l with d<*Hn<irmal xodium thio- 
sulphate solution until the yellow colour has practically vanidied : 
2 \’a 3 S, 0 * + It»Na,S,0* (sralium totratlno«atc» 2NuI. A little sbmOi- 
jMwio is then added, end the titration c<»ntinue<l until the blue colour (<hio 
to iodine) vanishes. 1 ml. of .V; 10 Xn^SjO, = 0*00355 gm. of available C 1. 

Hypochlorous aci<l or hy|>ochlorttes can be determined in prcacnco of free 
chlorine by the following reactions : 

2KI + HOTI + HCI » 2KCI + I, + 0,0 
2KI + CI,«2KCI + I,- 

Each molecule of HOCl neutralises one equivalent of acid, whilst chlorine 
d<iea not a ffcct the or iil ily . Oy t i t rat ing the io<luje a rid t he remo in in g oc id. 
the amounts of HOCl and Cl, may be ralculnierl. 


Chlorine djoride.— Tlias. Hoyle in 1707 obtainwl a yellow c.xplosivc 
gas from potaMium chlorntr and concentrated .Milplmnc acid, but ho 
did not rc^nlsc it a« an oxide of chlorine. The same gas was obtained 
hv Chonevix but its composition was fiM cirtcrmiiiod by Davy in lolo. 
He showe<l Uiat it was chlorine dioxide. CIO.. On explosion, two 
volumes of gas cave three volumes of gas wnsisting of two volumes ol 
o~^acvo\»mv of chlorine (aWbed by alkal ). Hen« one 
molecule of the gas gives one molecule of oxygen O, and hnlf a molecule 
" t .0 a.o.n o( ct.l«ri.K- Cl, and ,1.. formula ja CIO Tins .H confirmed 
by the dcn.dty, which was fouiKl by Pebal and bchacUcrl (1882) to 

rorresDond with the formula CIO,. , j i i *., 

Chbrine dioxide is evolved by tlie action of concentrated sulphuric 

ncid on potassium chlorate : 

SKClOo + 2H,S04 * KCIO, * 1 ^ 2 RHSO 4 + H.O + 2CIO,. 

Tixe reaction seems to take place In two stages : 

KCI 0,4 H-^ 0 ,-KHSO,- HCIO, (chloric aeid) 

3HaO, - 2<*IU, + H.O + HdO, ((K-rchlonc acid) 

tl.c- ,x..rcl.loric acid tl.en lilKT.iting more el.lorie acid from the poUiasiurn 
chlorate : KCIO, HCIO. * KCIO, + HCIO,. 
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Powdered poUesium chlorate n a<i(le<i in amell portions to c<hi\ci\ am- 
centra ted sulphuric acid in h retort. Tlie uran|*e*>*elli>w paste is very 
cautiously warmer 1 by plavrr);* the retort in lukeuarin water nrid the* f'aH 
collected by downward dlsplaceinont. since it bi heavier than air. rlift.H4»lvos 
in water, and attacks mercury slov’ly, being ctinti>lclely nbsorlMMi by it. 
Thtre is considtm^t tiftHger of r/o/cni sxjitosioH ra the prtjKtratioH of chlorine 
dioxide and \t is recommewM thut no oltempi shonM be mode to prepare it by 
this method. 


Pure chlorine dioxide is prepared by passing dry cldorine over silver 
chlorate at 0 ( 1 ” and condensing it from the gns in n tulio eoulocl in a 
feezing mixture (King ait<l Partington, 1026) ; 

2AgCl03 + CI. -2AgCI + 2CIO, ♦ 0^. 

A mixture of chlorine dioxide and earlion dioxide is evolved cm 
heating at 60* a mixture of 40 gm. of potassium chlorate, 150 gm. of 
oxalic acid crystals, and 20 ml of water : 


2 HCIO 3 + HjCjO, -2Cl0j + 2CO, + 2H,0. 

When diluted with carbon dioxide the chlorine dioxide ia leas likelv to 
explode : it can be seuarated from the gas by condensing it to h Ijciuld 
passing cooled in a freezing mixture. A solution of 

chlorine dioxide in w'ater is formed by passing the gas into uutcr, u hen 
the cliloriiie dioxide is absorbed, the carbon dioxide mostly passing on 
When chlorine dioxide is passed into a tulie cooled in a freezing 
mixture it condenses to a dark red liquid, b.pt. 1 1”, freezing at - 59” to 
an orange*r^ crystalline solid. 

Tlie liquid and solid are slowly decomposed bv exi>osure to ligfii 
l^e liquid IS violently explosive, but can be distill^ without deconipo. 
sition m absence of organic matter. The gas explodes on heating wiilj 
a not wire or glass rod (according to some experimenters at 60 ”- 66 ”) bv 
an electric spark, and in conUct with tur|)eiitinc, alcoliol, or ether. 

Add one ml. of cold concentrated sulphuric acid to (wu iwrlions of 0-6 urn 
of potassium chlomie in two test-tubes. A yellow gas with a peculiar smell 
w formal. Insert a hot glass rod into oim lube, into the other throw s 

nL uT'r.f’’ 8« in tJ,e tl«t tube .],« pho*. 

Carir ™ mfUm** *pon«neou»l}- «ncl expiries tl.e gas. 


ChlOTine dioxide (sometimes caUed chlorine peroxide) is a nowerful 
Hoyir^dT Foo^P^y antv^uquefin' doe to 

«idis allo«.ed to fall on the mixture fr«n a 

hums violently. ^ ^ ^ *"*** ignites and 

are oore^y poured down a thistle funn”!' 
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formetl. Witen this comes in contact vith the phosphorus H gives a series 
of flashes of light, accocnpaiued by slight and usually harmless explosions. 


Chlorous acid. — Chlorine dioxide dis.5olvcs unchanged in water, 
forming a yellow solution without acid reaction which is stable for 
several weeks in the dark at 0 ^. With alkali solutions* however, it 
forms a mixture of two salts in equivalent amounts, viz. potassium 
chlorate KCIO3 and potassium chlorite KCIO^ : 2K0H + 2C102* 
KCIO 3 A- KCIO3 + H* 0 . The salts may bo separated by evaporation in 
vacuum over sulphuric acid, when the less soluble chlorate is first 
deposited. 


Pure chlorites are obtained by (he action of Hikali arad hydrogen )>eroxide 
on a concentrated sohKiun of chlorine dioxicle (see abo^'ej. The hydrogen 
peroxide re^uett chlorine dioxide to chlortMu acid : 2C'l0t+ H|Oa « 2HCIO| 
+ 0|. Barium chlorite is forme*! by passing chlorine dioxide into a sus* 
pensiort of barium peroxide in hydrogen peroxide. Free chlorous acid is 
obtained in solution by decomposing a solution of barium chiorite with 
diiute sulphuric acid. 

The alkali chloriies have a caitstie taste and bleach vegetable colours. 
They may be distirtgtiUhed from hy|MK'hlorilce by the blenching action 
after addition of 8 o<lium arsenite. Silver and toad nitrates precipiute 
yellow crystalline AgCIO, and PbtCIOth- These exphKlo on healing ; load 
chlorite tnixed with sugar detonates violently on {tcrcussion atul has been 
used for detonators. 

Chloritos libernto iodine from iodidee : 


KqCIOi + 4KI + 2HiO » 21, ♦ 4KOH ^ NaCI- 
They react only slowly with arsenious oxide. Chlorous acid gives a violet 
colour with ferrous sulphate. 

The anhydride Cl,0, of chlorous acid is unknown- The gjw proiJurotl 
by heating a mixture of potassium chhtfAtc and sugar, bensene. orarsenious 
oxide with nitric acid, believed to be chlorous onhydride by Mi Hon (1843). 
was shown by Garzarolli-Thumlackh (1881) to be a mixture of chlorine 
dioxide with chlorine. The mixttire of chlorine and chlorine dioxule 
obUinod from potassium chlorate and concentrated hydrochloric acid, sup. 
nosed by Davy to bo an oxide of chlorine C1,0 called euchhrine (p. 
was examined by Pebal in 1875 and the .‘lamc method was used by Ger- 

anrolli-Thumlackh. . . . 

A measured volume of gas was .i.^-ompoeed by healing and the inerense 

in volume determined. The chlorine wo* absorbed by |«.UHh solution and 
the reshlool oxygon messure.1. TlK. volume of oxyS®" ,7, " 
the inoreose in volume when the gas was deoompos^l. This agrees u itl tl^ 
formula CIO,, since 2(-10. = CI. • 2(t, (2 volumes givo 3 volumes.) U does 
not agree with the formutoe CI.O. or CI.O. as is ea-.ly shown. 

Bv^^ing the • . hlorine trioxi.le ” imd cuelilonne tlirough 7 "’!* 
in a^^ninrmixtnm. ,.ure chh.riue .lioxide was liquefied ami ehlonne , 

pAAsod on. 

Chloric acid -Cliloric- aci.i is form.sl when liy|a.ehlor..u.s aci.i soln^nn 

orSn“!nieriscxposedtoligh.. If a solutionof ,K.ta..s.um ehtoratc 
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is precipitated with liydrofluosilicic acid, sparingly soluble potassium 
fluosilicatc and a solution of diloric acid (which cun l>c 6 Item!) urc 
formed : 2KC108 + HjSiF, * KjSiP* + *>HnO,. It U more convenient 
to start with barium chlorate, a solution of which is precipitated with 
sulphuric acid: Ba(CIOj)j + HtSO^ «=BaS 04 + 2HCiO:,. The excess of 
sulphuric acid U preeipitate<l with baryta water and the solution is do* 
canted and cvai>orated in a vacuum desiccator over concent rated 
sulphuric acid until it contains 40 per cent of HCIO,. On further con- 
centration the acid decomposes into chloriiu*, oxygen, and j)crchloric 

3HC10,-Ha0,+CI, + 20, + H,0. 


Barium chlorate is made by ovaiwratiiig u solution of 9io<liuiii ehlorutc 
and barium chloride : SNsClOa + IteCh ^ 2 NaCl + Iia((*IO»it. The sudiimi 
chloride is deposite<h ami ihe hot llltcreil sole lion is es*u}K»ratcd, when 
monochnic crystals of Ba(CIO|)t.HtO se|>amta. Chloric acid was lintt pre- 
pared (from iMrium chlorate) by Ua3'-Liissac in 1 AI 4 . 


Concentrated chloric acid is colourless and fairly stable in the dark. 
When exposed to light it decomi)oses and becomes yellow. It Ima a 
pungent smell, rather bkc that oi nitric acid, and strong oxidising and 
bleaching properties. The concentrated acid inflantes organic sub- 
stances such as cotton wool and paper. 

Pour a concentratetl solution of sodium hydrogen sulphite. (XaH^Oii 
over crystals of potassium chlorate. A trace of free chloric acid is libers teil 
by the weakly acid NaHSO>. The latter is then oxidised by tho chloric acid 
to the strongly acid NSHSO4. More chloric acid is liberated, and the vch- 
city of reaction is increased by (he action of tho products until in 0110 
or two minutos (he whole mixture foams o^'er, arid sodium Aiilpimte 
(NaHSO«) and hydrochloric acid being formetl. 

Chloric acid evolves some hydrogen with magnesium and zinc, but 
part of the acid is reduced to liydrochloric acid : 

HCIO,-fOH-3H,0-^HCI, 

In acid solution, chlorates are reduced to chlorides by iron or aluminium 
powder, and may be determined in this way. Percliloric acid is not 
reduced u\ dilute eolation. 

The formation of Operates .—The preparation of alkali chlorates bv 
^"|^*cess of chlorine into alkali hydroxide solution is described 

The student should note that it is not sufficient to say that when 

““ 

2KOH + a, - KOCl + Ka + H.O. 
concentrated solution chlorate U formed according to the 

6K0H + 3a, . Kcao, + 6Ka + 3H,o. 

Hypochlorite is always formed first. As soon as the solution conUins 
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a slight excess of chlorine the hypochlorite is decomposed according to 
the equation ; ^ ^ ^ ,.p, ^ jjjoCl, 


and the free hypochlorous acid oxidises the h^'pocldorite according to 
tlie equation : j^OCl +2HOCI = KCIO, + 2HC1. 


The fomtation of chlorate may, according to Poerater {18d9), be repre* 
seated as follows. As long as the liquid remains alkaline, chloride and 
hypochlorite are produced : 

I- CI, + 20H' = CI' + 0C1' + H,0. 

When the alkali is removed, the hypochlorite ion reacts with the free 
hypochlorous acid. prtKlucing chlorate arid chlorhie ions : 

2. C)Cr + 2HOCI*tlO*'-r2CI' + 2H\ 

The hyj^ochlorite and hydrogen ions then form hypochlorous acid, and 
the latter reacts again acconling to (2) : 

3. H +OCI'»HOCn. 

It equation 0) is muItiplio<l by 3, and equation (3) by 2. then on addition 
wo obtain the visual e<(nation for the total reaction : 

3CI, ^ COH' »CI0,' + 5CV 4 3H,0. 

Alkaline hypochlorite solutions may be boileil without much <lecomi>oHi(ian 
but oxygeh is slowly evolved and traces of chlorite are also formed : 
2K0C1 a KCl + K('IO|. Hence the equation for the formatit)n of chlorate : 

3KOCl»K(*IO,+ 2Ka. 


sometimes given, is also incorrect. 


ChJoriae hexoxide Cl»0, was lirst observe<l by million in 1 843 as a 
liquid product of the ardion of light on chlorine dioxide, but was overlooked 
until it was rediscovered in 1 925 by Bodenstein. It is l>est obtoined by the 
interaction of osone and chlorine dioxide at 0* j <'I0| - 0, ^ClO| + 0|. It 
is a tlark red litjuid, dens. I 65, ro.pt. 3 5'. lc« cxpUwive than chlorine 
dioxide. It dissolves unchanged in water, but with alkali gives a mixture of 
chlorate and perchlorate s Cl,0, + 20H' *010/ 4- nO/ + H,0. The vapour 
density coiresponcU with CIO,, but the vapour is unstable and the molecular 
weight in solution in enrbon tetrachloride corro«pon<l8 with Cl,0,. 


Perchloric acid.—Tfic most stable oxyarid of chlorine is that contain- 
ina most oxygen, viz. perchloric acid HCIO,. Small quantities of very 
soUu sodium percldorate NaCIO, ocrur in crude s^ium m r^c 
(Chile nitre), and it injures vegetation if the impure nitrate is used 

^PercWorle^acid is formed when chloric acid solution is evaporated or 

distilled : SHClOj - HCIO* 4 Cl, 20, + HjO. 

It is usually prc|>ared by distillinjr r>otassium perchlorate with con- 
ccntratcd sulphuric acid : 

KCIO* + H^SO* - KHSO* + HCIO*. 
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Potassium perchlorats KOIOi is pi^|>>iro<l l>y hotifiiii; tlin />Hre (’hJoralc* nl 
510'^ui a new parooluiii disli.or fictlrr nt 4HO' in a silim iliiNk f<ir H liMurs, 
separating t)io oliloricio by cnhl wator. and rrysliillntirit* I he rosMiriii |K*r* 
rhioralefromhotw'ftler : 4Ki*IO»* K('I. Any <'hU»rAle ronioinMij; 

may be <lecom|)ose<J by conoentmtwl hyilmchinric wliicli ih»e« not »vt. 
on the perrhInpAte. nn^i the perrhlomte piirihc'cl hy peer S'st a Nlsin^ from iiot 
water. 


When potassium pcrchlomto Ls with four time.s its weight of 

concentrated sulphuric acid inaKmulln'tnrI under ntmos pi icric press lire 
the perchloric acid collecting in tlieroccis'crpraclunlly solidifies to white 
crystals of the monohydrate HCI04,H.O, m.)>t. 50'’. Anfti/tlrou.i 
chloric aciti u'as flr.^t pre|iArefJ by Uuscoe (I HOI) by distilling the 
inonohydrnte at UO^, but it U more directly obtaine<l by distilling 
potassium |terchlorate with 90>07'5 (kt cent .sulphuric acid under 
10-20 mm. pressure at 00^-160*. It is purified by rcilislilling at 
40®-00* under 60 mm. pri'SHure. 

Anhydrous ]>crchloric acid is a coIouHcks mobile liquid, dons, I *782 
at 15’, boiling with some dccom)>OiMtion atW’ under 70(1 mm. pressure 
or without decomposition at 10^ under 11 mm. pressure. Its m.pt, is 
- U2*. It may explode when healed at atm. pressun*. On keeping It 
becomes dark coloured (perhaps from formation of Cl,Oj) an<l in n 
sealed tube it finally expiries. It ia an oxidising agent and inflanus 
paper and wood : when dropped on w'ood charcoal which has been 
previously heated and cooled it explodes violently. U fumes strongly 
In moist air and hisses when dropped into water, owing to the great heat 
of solution, 20*3 k. cal. ikt gm. mol. A constant b.pt. solution (72 per 
cent KCIO4) distils at 2U3^. The following crystalline hyilratcs arc 
known : 


HCIO^.HjO m.pt. + 5<f. HClO^.lHjO, m.pt. - 30*. 

HClO*,2H,0.m.pt. - I7 g*. HCIO*.{H,0. m.pt. -41-4*. 

HCI 04 , 3 H| 0 . two fonriK. tn.|>ta, - 43 2* ari<l - 37*. 


The crystalline monoliydratc HCIO^.HjO is ap|wrently ht/droxonium 
perckhrate (HjO)C10„ as its X*ray spectrum is like that of ammonium 
perchlorate (NH|)C104. 

:^e oUy aqueous acid is quite sUblc and is conveniently j>repared bv 
adding ammonium perchlorate (a commercial substance) dissolved in 
concentrated hydrochloric acid to warm concentrated nitric acid in a 

c'^aporating. The reaction U complicated* 
34^ H4CIO, + 36HNO, + 8 HCI - 34HCIO, + 4CI, + 35N,0 + 73h!o 

The aqueous acid is used in analj-sis but some caro is necessary ; it 
donates with great violence when evaporated with alcohol, and is 
probably not so safe as has been stated. 

Perchloric acid is a strong acid, as shown by the electrical conduct!. 
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vity of its solutions. It is not so strong ftn oxidising agent as chloric 
acid; solutions of it dissolve zinc and iron to form the perclilorates 
with evolution of li\*drogen : Zn + 2HC104»Zn(C104)j + Hj, and it is 
not reduced by nascent hydrogen. It is rwluced to chloride by titanium 
trichloride solution. 

Silver perchlorate is soluble in water and toluene. Magnesium per* 
chlorate Mg(C104)2,3Ho0 is nearly as good a drying agent as phos- 
phorus pentoxide. 

Chlorine heptozide.^The anhydride of perchloric acid, chlorine hept* 
oxide CI3O7. is obtained by dehydrating anhydrous iH.'rchloric acid with 
jihosphorus pentoxide (!iUchael and ConQ» 1000 ) : 

2HCIO4 P,0j -CIjO, + 2HPO3. 

Ten gm. of P| 0 | ore place<l in a small stoppered retort connected with a 
P, 0 » drying tube. Pure anhydrous perchloric acid is a<lded ten drops at u 
time and allowed to trickle dou*n the sides of the retort on (he P|0|, (cn 
minutes being allowetl to elapse between each acldilion, and the retort kept 
at - 10 ^ in a freezing mixture. After 24 hours in the Ircczing mixture the 
retort is wnrmecl to 95 ^ an<l chlorine heptoxide «iistil8 as a coIourJcss oily 
U(]uicl into a receiver cooled in ice and salt. \*io]ciit explosioits may occur 
in the preparation, hut C^Ot is not so dangerous os li(|uid (10|. 

A safer method of prejianition b to heat |M)tHsMium perx hlorate with 
chloroaulphonic aci<l under reduce<l pressure, hut the |)^KIu('t ( 98 -llIi per 
cent CI|Ot) contains traces of auJphur comfKmnds which cannot be removed 
(Moyer and Kc7<Klcr> 1921 ). 

Chlorine heptoxide is more stable than CIjO or ClOj and may be 
poured on iHii>cr. wood, sulphur or phosphorus without explosion. It 
explodes when heated or struck and dccum|x>scs in a few days. It sinks 
in water and slowly forms |H*rchlonc acid. 


The manufacture of chlorates and perchlorates. — Chlorates arc manu- 
factured (i) by the action of excess of chlorine on concentrated solutions 
of alkalis, ami (ii) by the elwtrolysis of solutions of alkali chlorides. 
Calcium chlorate is fornjcd by iias.*«ing chlorine into h<Jt milk of lime con- 
tained in cast-iron vats with agitating |>addles, ujitil tho reaction is 

complete : (jCa(OH)2 UCU *Ca(CIOo),4.5CaCl2 + OH2O- 


On warming the .solution of calcium chlorate with potassium chlori<lc, 
and cooling, sparingly s^duble poussiom chlorate crystallises, and is 
recrvstdlliscHl. It is usual to make the very soluble sodium cbloraU 
NaCiO^. The solution of calcium salts is concentrated, cooled, and 
filtered from crystals of hydra toil calcium cliloridc which separate. 
Fxccss of fl^ium sulphate is added, when the calcium is precipitate 
as* sulphate. On eva|s)r,iting the filtered solution, sodium ch oricle 
wiiaratos and is removed, and on cooling i-cKlium chlorate crystallises. 

OfdoratcH and ixTchlorates are u^o made by the electrolysis ol 
saturated sodium chloride wdiition at U*tween platinum elect 
placed close togellier. A Uttle i^tassium chromate is added, uhich 
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prerents reduction at the cathode. The chloride is first completely 
converted into chhraU ; on prolonged e]ectro]>'sj8 tins forms the 
perchlorate. The oxidation of the chloride may be due to nascent 
oxygen liberated at tlie anode. Chlorates arc used os oxidising agents 
{e.g. in the oxidation of aniline to aniline black), in making fireworks 
and sodium chlorate as a weed*kiUer. Perchlorates arc used in the 
manufacture of detonators and explosives. 

The constitudon of the ozy-compounds of chlorine. — If we assume 
chlorine to be univalent in all its oxygen compounds (except CIO^) these 
would have the following formulae : 

chlorine monoxide Cl — 0 — Cl hypochlorous acid H — O — Cl. 

chlorous acid H — 0 — O — Cl. 

chloric acid H — 0 — O — O'^l perchloric acid H — 0 — 0 O O Cl 

chlorine heptoxide Cl — O — 0 — O — 0 — O — 0~0 Cl. 


Usually, the stability of compounds containing chains of singly* 
linked oxygen atoms decreases as the number of oxygen atoms in the 
chain increases. Hydrogen peroxide H— 0— 0— H is less stable tfmn 
water H — 0 — H. The stability would be expected to decrease in the 
senes ; HCIO, HCIOj, HCIO*, whereas actually it increases, 

The formulae of the compounds arc usually written with the chlorine 
atom having valencies from 1 to 7 (Blomstrand, 18fi9) ; 


I.Cl— 0-CI; H-0— Cl. 
HI. H-0-Cl«0. 


V .0 


V. H-O-Cl^ 

0^ 


The variable valency of iodine, an element 
IS seen in the compounds ICI„ IFj. end IF,. 


very similar to ciilotine, 


Tl.« fonnuJae or the oxide* end oxyecidi of chlorine (aleo of bromine and 
jodme) with coordinate link* (p. 413) inataad of double bonds between the 
halo^n and oxygen atom, are lea* probable than the formulae given above 
which are m better ^ment with the bond length* (p. 438). Tlie meiuured 

r ^ for single bonds 

(coo^inat, ImU) and even somewhat less than the normal disUneee for 

I o^odorate strength. The foimula of chlorine dioxide 

c^ot be represented satisfactorily without considering the electronic 
stwclure of the molecule, and is dealt with on p. 43 $. 

The ion CIO,' is nondinear, with O^Cl I *6 A • Pin ' {» • i« -a 

with 0-Cl 1.48A.; ao.- i. ielraheii wilh 
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wh^n the temperature of I gm. of water is raised 1® C. (p. 178). The 
I:/7o^ram calorie (k. cal.) is the corresponding quantity for 1 kgm. of 
>vater and I k. cal. » lOOO g. cal. 

Since heat is a forrn of energy, it can be measurc<i in ergs : 

I g. cal. s4*l$4 ■ 10’ ergs, 

OP. as 10’ ergs is called a jWe, 1 g. cal. s 4-184 joules- The i-ihJouU (kj.) or 
1000 joules is sometimos used as a unit of heal, and I k. cal. = 4-184 kj. 


Chemical reactions which evolve heat are called exothermic, those 
which absorb heat enJothermie. It is standard practice to take licat 
evolved as positive and heat absorbed as negative, but since evolution of 
heat corresponds with a decrease of energy the opposite convention is 
often used. The heat of reaction refers to the case when the products 
are finally brought to the same temperature, e.tj, 18®. as the initial 
substances. 

The heat evolved in the formation of a compound from its elcnients is 
equal to the heat absorbed in ita decomposition. If the heat evolved is 
re* (I resented by Q a thermochemical equation such as 

C + 0,-CO,+Q 


means that 12 gm. of solid carbon in a spcciHed form {e.g. graphite) 
combine with 32 gin. of oxygen gas to form 44 gm. of carbon dioxide, 
and Q g. cal. of heat are evolved, the tejn|>rrature of the product 
being finally brought to the tem|>eraturc uf the initial substances, 
e.Q. lb®. 

When a reaction takes place at conetani volume and no work is done 
by a gas expanding against the pressure of the atmosplierc, the heat 
evolved is the decrease of energy of the sj’stom, ~dfC. A compound 
will contain less or more energy than its elements according as heat is 
evolved in its formation {exothermic compound) or is absorbed (e«do« 
thermic compound). The energy content of 1 gm. mol. of a compound is 
sometimes called the inirineie energy of the compound. The intrinsic 
energy contents (or energies) of the elements themselves are arbitraril)* 
taken as zero. It is only energy changes which can be measured and 
not the absolute amounts of energy in the elements and in the com- 


|)ound. 


Cu + Sr,h<«Mc) = CuS 4- 1 1. BOO g. cal. meons that 63-5 gm. of copier and 
32 Kin. of rhombic sulphur have, logolhcr. 11.600 g. cal. of energy more 
than 05-5 gm. of cupric sulphUla at the same tcin|»oratiife. au'l this 
axnouiit of cupric sulphi<lo has I l.fiOO g. col- of euorg>' than the sum ol 
the energies of the copper and sulphur, this amount of en©rg>* being 
evolved as beat in the reaction. 
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Heats of reaction. — If A'| and arc the total oncr|!y coiitenta of t)ic 
initial and hnal substances in a reaction, tikc incria^t of enensy content 
dup to the reection is aE^Et-E,= -Q ( 1 1 

wlicre^,. is heat evolved at constant vedume. This depends only on the 
starting materials (defining and the products (defining A'^), and not 
on how the reaction U carriefl out. 

If the reaction takes place constant prcjunrc and there in a change in 
volume, work will be done by tlic system against the atmo»«pfieric 
pressure if there is an increase in volume, and the heat equivalent of this 
work wj 11 be t ake n from the h eat of react ion . Hence the Ii eat of react ion 
evolved at constant pressure, or will be less than tliat at constant 
volume, Q,^ by this amount. If there U a decrease in volume {c.g. 
2Hg ► Ot ■ 2HtO (gaseous)), then ia greater than Q. . The difference 
is significant only when gases take part, as tf>e volume changes of 
solids and liquids arc very small. 

If one gm. mol. or mol of a gas of volume I* is formed at the constant 
external pressure P, the work done- (pressure) x (increase in volume) 
is PI . Since PT-Itr if the change b carried out at the constant 
temperature abs., the external work is RT, or approximately 
2T g. cal. absorbed (R is nearly 2 g. cal- per T). 

In a change at constant pressure P tlie work done is P( K, - K,), and 
the total heat abtorbeti (in energy units) is 

ja: 4 P( r, . r,) - (£•, - a\) + P( r, - r, ), 

This c»n be uritUn in the form (£. + . {£, + />r,>, or if we write 

« for ^ + P V, as /f , - //j - J W, the increase in a quantity M, called the 
hMt conUnt. UQ, is the heat of reaction (evolved) at constant pressure 

^ (,«) 

This depends only on the initial and final states (A\, F, and F.) at a 
given constant pressure. * 


When 2010 gm of hydrogen end 10 gm. of oxygen ot 0‘ e.i.l 1 atm, pres- 

^ hire., are converted into liquid 
rsTnn^ rl The decreoM, in volLie 

ynes per cm- j the work done by U»e atmoepheric preeeure which eortofl*. 
« heat. IS 33.600 x 76 x 13 695 . 980 6 . O ^oix 10« e^, ein« 

“S^:„7.r.®ot:r3rro.r s--*- .vriK 


+ (liq.) + 67.638 g. cal. (constant 


pressure) ; 
volume). 
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If the reaction occiipretJ at 100’. with ppwluction of steam, the heat 
evolveci at constant pnwstire is diminished by the latent heat of steam, 
18 X 53$ g. cal. 

With the convention that heat tjbwrM is positive, which is usual in 
Thermodynamics and is now often used id Thermochemislo*. since JE and 
Jff are the increase of energy and heat content, in the alternative notation 
the thermochemical equation 

C + O, S CO. -f 04,450 g. cal. 

(reaction at constant pressure) would be written 

C (graphite) + Oj (gas)s COt (gas) • - 94,450 g. cal. 

The tetnperature an<l pressure should also (in strictness) be specified { if 
they are not, room temperature (18*) and 1 atm. pressure are understood, 
and there is then no need to specify the physical states, as these are known 
under these conditions. Symbols are sometimes used to specify the physical 
states : round brackets ( ), square brackets [ ], or no brackets round the 
symbols mean gases (c^. (H^O) is steam), solids (e.^. (H,Oj is ice) or liquids 
(s.g. H|0 is water). Sometimes the suflbces p. « and / are used for gases, 
solids and liquids. 

Thcrmochemical quantities can be classified as follows : 

( 1) Heat of Gombustioo ; the heat evolved in the combustion of 1 gin. 
atom of an element or I gm. mol.of a compound in oxygen to give specified 
products. 

(2) Heat of fonsation : the heat change in the formation of I gm. mol. of 
a compoun<l from ita elements in specified statoe. 

(3) Heat of reaction : the heat change in a reaction with the formula 
weights in grams. 

(4) Heat of aeutralisatioD : this is usually given for epuivahni (not 
molecular) quantities of acid and base in very dilute et>lution. 

(6) Heat of jolution for 1 gm. mol. of a compound in a t'ery /a/ye o/ 

uwter, denoted by Aq. (It varies with concentration, but becomes constant 
for tills case ; otherwise a beat of dilution is involved when water is added to 
a solution), NH, + Aq. * KH^q. + 8400 g. cal. 


In the specification of heat changes, the physical conditions must l>e 
8tatc<l ; e.g. whether the substances reacting are solid, liquid or gaseous: 
w'h ether the reaction Is between dry suh-^tances or in solution in water, 
and in the latter case the concentration of the solution must be 
given ; if gases are involved, the temperature and pressure, and 
whether the reaction is at constant volume or constant pressure* 


must be stated. 

Hess's law. It is shown above that the heat of reaction, either at 

constant volume or at constant pressure, depends only on the initial 
and final states of the reacting substances, and does not depend on the 
intermediate -slates. This result wa.s found experimentally by Hess in 
1840 and is called («»r. it is usually -stated as follows : 
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If a Ttactiofi is carried out in stages the algebraic sum of the amounts of 
heat evolved in the separate stages is equal to the total evolution of heat 
when the reaction occurs directlg. 

Carbon dioxido may be euppoaed to be produced from carbon (graph i(e} 
and oxygen in two stages : 

(1) C + iO,=CO-f9, g.cal. 

(Sj CO+ |0,sC0»4 9, g. cel. 

By adding these equations, according to Hesa'a law. we Htul 

<$) C + 0,sCO, + Cg. cal. 

s Q. S 94.450 -$7, 800 a 20.650 g. cal. 

This enables u$ to find by calculation the heat of reaceiun (1) which 
cannot be found directly by experiment. 

Hess *8 law shows that a Aeaf of reaction is the algebraic sum of the heals 
o//ormafi<w of the products minus fA« algAraic sum o/fA« Aeals of format 
tion of fA« iMififlf substances. For the compounds on the loft of the 
equation may be supposed first decomposed into the elcmenU, and the 
substances on the right then formed from these elements. 

Thermo cbenucal calculations.— Two examples of the use of Hess's 
law in solving thermocbemical problems ere given below. 

(I) From the following heau of combustion calculate the heat of funna- 
tion of ethylene C|H« from iu elements at consunt pressure : 

<1) E, + iO«« H»0 -I- 68.370 g. cal. 

(2) 04 O, > CO, + 84.460 g. cal. 

<3) C,H4 4 3O,‘*2CO, + 2H,O4 340,000g. cal. 

The thermochemical equation to be aolved for tlie unknown Q is : 


(4) 2C + aH,»C,H4 + g g.cal. 

Rearrange equations so as to give the chemical part of (4) : 

From(l): 2 H,s 2 H 40 - 0,4 2* 68.370 g. cal. 

From (2) ; 2C*2CO, - 20, 2 x 84.450 g. cal. 

From (3): 0« 4 30, - 2CO, - 2H,0 - 340.000 g. cal. 

Add: 2C 4 2H, a CjH* 4 (1 36.740 4 188.900 -340.000) g.cal. 


. . 2C4 2H,-C,U4 - 14.380 g. cal. {The reaction is endothermic.) 

iodtas^d formats^ of gMeou, hydrogen iodide from wUd 

dine and hydi^ gw from the folloaing heau of reaction, all in k oal 
(for meanmg, of brackete «e p. 280 : A,, ie a large amount ^rwateri “ 

( 1 ) (Ul )4 Aq.fisHi Aq. 4 19*20. 

(2) KOH Aq. 4 HI Aq. = KI Aq. + 1 3*67. 

(3) KI Aq. 4 4(CI,) » 1(1.] + Ka Aq. 4 26 21. 
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(4) KOH Aq. + HCl Aq. = KCl Aq. + 13 "4. 

(5) J(H,) + 4(Cl,) = (HCl) * 22 0. 

<6) (HCl) + Aq. ^ HCl Aq. + 17-32. 

Write (4), (5) And (6) in the reverse order under (1), (2) and (3) and add. 
This gives r 

|(H,) + {[!,) s (HI) . 5-92 k. cal. (absorbed). 


The table below gives Uie heau of forma Hon in k. cal. evolved in the 
formation of 1 gm. mol. at room temperattire, the ph^'sical states being 
apeeified by brackets (oee above). Sulphur is rliornbic and carbon is 
graphite. 

Heats op Formation 


(H,)-rJ(0,) = H.0 
(H,) + J(0,)^(H,0) 
(H,) + (O,) =* H,0, 
J(H,) + J(Cl,) = (HCn) 

(H,)4-[SI»(H,S) 
J(N,) + JlH,)»(NH,) 
(P) + j(H,) = (PH,) 
tAs] + i(Hd»(AsH,> 
J(N,)-^i(Od»(NO) 

(Ni) + }(0,)-(N,0) 

(S) + (0,)*(S0,) 
(S|>|{O,)--(S0,) 


<18*37 

2[P)-f|(0,)a(PAl 

3I1U 

57-80 

[Clf (0,)«(CO,) 

94*45 

45-20 

(C] 1*1(0,) = (CO) 

26*84 

22 UO 

(CJ.r2lS)-C.S, 

- 15*4 

8*05 

(Xa)*f l(Cl,)-(^^an) 

98 3 

> 5*91 

(Na]4*|nr,a[XAHr) 

86*7 

.5*3 

rNal-fi[I,)a(XaI) 

69*3 

11*00 

lAgJ+I(CM = fAgCIJ 

30*3 

-5*8 

(AgJ-k|Hr,-(AffHr) 

24 

-44 

lAg)-k«I,)w(AglI 

15 

. 21*6 

[ral + (t1da(('afl,) 

191 

- 10*7 

lSr)-f (a,)**tSrC1,) 

lOK 

71 

(Ra)4(CI,)=(naCy 

205 

93 9 

(Fel-f J(nd-|Feri,] 

95*4 


Heats of formation from the atoms,— Heat. < of reaction ahvay.< refer 
to the substances taking i>art in the reaction in the actual states in 
which they are used- The heat of combustion of carbon in the form of 
diamond in gaseous oxygen to form earlwn dioxide is somewliat 
different from the heat of combustion of grajdilte, since those two 
forma of solid carbon contain different amounts of energy, whereas tlie 
same final prwluct i.s obtained in each ea.so. 

If we knew' the heat of evaporation of solid carbon, the heat of 
dissociation of molecular hydrogen into atoms of hydrogen, and t)ic 
heat of formation of methane from .solid carbon and hy<lrogcn gas. "*e 
couhl calculate the heat of formation of gaseous tnethanc from gaseous 
carbon atoms and gaseou.s hydrogen atonj.s. In a similar wav, it would 
be possible to calculate heats of formation of gaseous eom|K)iJnds Ironi 
the easenus elements in the atomic state if data for heats ofevaporatjon 
of the orfhnury solid substances, and of dissociation of molecule.-* into 
atoms, were known. 

u is possible to ealeulute (riuiinly fK»m si>e< trccwuiHC duinj wveral sui I. 
iicsW of disA<K-iati«>u into normal nfowa. which are invcn m the folk. wing 
table ill k. cal. {ttbsorhe</i : 
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FREE ENEROY 


283 

H, 

100-6 

NO=N+0 

I21-4 

HF 

140 

Cl, 

57 

s, 

102 

HCl 

lOldi 

Br, 

45-2 

HD 

103 5 

HlJr 

81) 

I, 

35-4 

D, 

104-5 

HI 

ni) 

0. 

UO-4 

c*o,=co + o 

125-8 

H,0 = H-i-OH 

118 

Ni 

170 

N,0»N0^-N 

88-5 




The sta1)ilit7 of compounds. — Wo tisc tlir torxn)« stnblo unci unstable 
to denote whetlipr n given com]X)und h witli cJlfticulty resell vocl into 
its cleiuonts or into related ceimponneU. or whether this change takes 
)>laco easily and spontaneously. 

In general, a substance formed with cuiixideniblc evolution of energy 
is stubie. whilst a com|M>und funned with eonsidcrable aUsorjition of 
energy is unsta ble . The st a bi li ty is rough I y propurtional to t lie a m uu n t 
of energy evolved in format ion - 


Free energy.— Although the lieul ovuliitioii, or climiuulioti of total eaerg 7 , 
gives ail approximate measure of tlie stability of u vorniKiund, this is reully 
detoimiiied by the content of free energy. Of ilio total energy <limi)uiiion. 
part is convertible mio work by suitable meujw. the other |Mirt appears os 
heat. The part convertible into wnrk in the free energy. F<tf example, the 
reaction : 

Zn + CuSO* A<|. » ZniiOi Aq. ♦ Cu, 

as it occurs in the <irdinary way evolves heat, but when it occurs in the 
Doiiiell coll part (in this ease nearly all) of the energy change is obtainable 
M electrical energy, which in turn is (theorolicaliy) completely con vert iblo 
into work. U is this free energy change w'hich gives an accurate measure 
of the tendency of llie system Zn -r Cu80, Aq. to pass siionlanoousli' int.) 
the system t*u + ZnSO« Aq., i.e. which provkles a measure of the rololive 
stability of the two systems. On/y Moae cAo/tfres occur a/««toneons/y which 
lead lo Q dnnmution of free energy. Tlw corresponding statement for totol 
TOergy, that only tlioae reactions occur sjKtntaneoiisly which are atten<lo<l 
by evolution of heat, was sUted by Tliomsen omi UertheUd. although the 
Idea in mini! when lie called it the prneiple ef mazimun 
•wk. This principle is very often ap|>roximately true and is a useful guide 
llie statement is true at the abeolute *ero, and in many reactions between 
Mlids Md liquids It hoUls approximately. Tlie correct statement of the 
pnwipls « Htrw's Best Theeron (1900) : this allows equilibrium consUnU 
to be calculated from heals of reaction. 

0 ,,^!*,"'”^ consUnU. snd other tl.ermodynamio 

In ri' V ^ I'y «>e method* of sutisBcel m^taiw 

T" -.K * molecule mey have energy 

^ciatol «oth the v.brM.on of ite Mom, (leading to Mretching and bel^ 

thi m ^""‘***' of the various parte of 

i^et“»““H C ChTTi,*" •""'l!*' 'f" ‘ho CHf^upe 

a“d no , ■““«> of tbew intemal^br^ 

<p. 430). For most molecules at reasonably low temporaturos (say 
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fewlow 1000*) the possibility of enefg>' changes due to the excitation of the 
electrons, t.e. their transition from one energy level to a higher one (p. 427 J 
can be dUrogarded. The resulU of calculations of free energies from 
spectroscopic data are usually in excellent agreement with values from 
other sources ; any discrepancies between these so-called statistical values 
and other values (for example, those obtained by an application of the 
Nemst Heat Theorem) can be attributed to specific i>eculiaritie 3 in the 
molecules concerned. 


CHAPTER XVIII 
THE LAW OF MASS ACTION 


Chemical affinity. — In the earlier history of chemistry it seems to 
have been thought that substances closely related to one another {t.g. 
mercury and gold) show tfie greatest tendency to combine, hence tiie 
name affinity (from related) was given to the cause of chemical 

combination, 


It was assumed by the alehembu (except Van Holmontl that Hiibstances 
w-ere destroyed on combination, so that an acid and alkali had notiiing in 
common with the salt proflucod from tliem. Boyle in \m S^ptieal ChgmUt 
(1661), howaver, remarks that: “gold may be ao alleml, os to help to 
constitute several bodiea. different from itself, ami the other ingredients } 
>et it may be reduced again into the aame )'eUow, fixed, ponderable, and 
malleable gold it was. before its mixture with them." Also r “ notwith* 
abmding, the particles of some bodiea are so closely united, \«el there are 
some which may meet wWi particles of other denominotion, which are 
di8pose<l to be more clossly united with someof iliem than they are amongst 
themselves.” 


Mayow (1674) said that when ammonia combines with hv^irochlorio 
acid the resullmg wit (sal ammoniac) shows none of the properties of 
nn<i Alkali. But if sal ammoniac is heated witfi potash, the 
anmonia is displaced, because the acid is capable of rntering into 
h"T PotMh th»n wth amnioni.. To show tt.st afi acid 

wnot destroyed on neutralisation, lie refers to the distillation of nitre 

dupl*®** the nitric acid. Nitre on I.eatinR 
doM not lose mtnc acid, winch U kept down by the attraction of the 

Xa^ne h K “il from the society of the 

aixaUnc salt by the more fixed vitriolic acid.** ^ 

Ne^n pointed out that potash becomes moist in the air, whilst nitre 

TXt rit. 
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for the bn^e*. It Oi«»iuinc(i that if A haa a xtmnger afhnity for D than C 
has. tlioii A will deeontpobe iUa compDiuid BC coinpteUly, diaplacing C and 
funning A B : A + 13C s AB + C. The orders were difierant in solution and in 
ti state of fusion. 


lABtlu VtS mPF£Kl.Nr$ KAPI*ORTS. 
oaasRvts israi otrpeaiMrss susstakcss. 
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Fio, lOo »U»;»»'>HoY*A AmNJTY TAbu:. 


The action of mass. — Hi*rth<illft in his ReAearcfiej irtio the l/iu's of 
(Cairo, 1709) and {'hernknl Sfatirs (I'aris, IWW) sliowwl by 
exiuriiru'nts (hat the react i(»n A + BC-AH -C is not aU'ays com pic U' 
a ml may also lake place in the rt» verso din*ction. He conclucicd • 
•'in optKisihg the Ixxlv A to tin* <smibinalicm HC. the . . - body H will 
hv divided )ic( wccri tin* Uxlics A and C prt>|HirlionnMy to the aflinity and 
the quantity of each." Tliis j^tatemcnl includes the Uw of imss sciion, 
that the amount of reaclioii depends on the quantity of substance 
ill unit volume, or its ronrentratio». 

Berth oil vt said the aetivitv is pro|Mjrlional to the affinity and iJic 
iiuantitv. the product Inung what ho calle*! iho active mow. A weak 
ithnitv is couiTH-n^aleil bv high enneentration and a strong affinity 
wcakenc-d bv high dilution. The law of mass action may he sUUhI in 
tlic form (hat • in refcrsiOte reactions the amount of chcmicat change iS 
pro/^rtionai to the pro^incl of the active mas^A of the rcactiwj - 

Dulore' llKl3) found that when barium aulplinle is boiled vutJi 
successive iiortions of (Kdassiiim eorixmate solution it is converted into 
bariuio carLnate. w liilst barium carlxmate wlien boiled 
|H)rtion.s of |>ota<.>ium sulphate .solution is converted into barium 

sulphate. The r< actii>n 

BnSO, ^ liaCO^ + K-SQ, 
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j$ reversible. With increasing mass of potassium carbonate it takes 
place from left to ri^kt ; with increasing mass of potassiicm snipliate 
it takes place from right to left. After boiling with a givpn solution of 
potassium carbonate, an equilibrium is reached with both barium 
sulphate and carbonate present, and a solution containing both 
potassium carbonate and |>otassium sulphate in a dednite ratio. 

J. H. Gladstone (1855) found that ferric nitrate and ammonium 
thiocyanate in solutiott react incompletely to form ferric thiocyanato, 
which has a red colour, and ammonium nitrate. The reaction : 

Fe(NO,)j 4 3NH.CK.Sa±Fe<rNSb ^ SNH^NOg 
is reversible. If more ferric nitrate or ammonium f hioeyanutc solution 
is added, the red colour de<*]>ens. wliiUt addition of ammonium nitrate 
favours the reverse reaction and tlic colour becomes paler. 

Prepare two suliiti«)iis c<inuinLng 3*5 gm. of crysullised ferric tnerate 
Fe(K0,h.8H,0 and 2 3 gin. of NH^CNS per litre. 

Mix too ml. of eacli. A dork -red solution uf Ke(CKSh as fonnfrJ. Add 
25 ml- of this solution to I litre of water in each of four gla.'W cylin^lors ; a 
pale brown jsh-ro<l colour is produced. Keep one jar for reference, and to 
the other three add r (•?) 25 ml. of the ferric nitrate solution ; (b) 25 ml, of 
the thiocyanate solution ; (c) 25 ml. of a sa titrated solution of KH^NOj- 
Observo the colour change In each case. 

' sry general statements thato/f reactions are rei*er»ible, must be accepted 
with reserve. Many cheiuiesl reactions seem to l>e irreversible under nil 
^own conditions. Macnesium bums in oxygen to fonn magnesium oxide : 
2Mg + 0,« 2MgO, and even at the highest tomperatum tills oxide appears 
to be suble. Tlie oxidation of mercury in Lavoisier’s experiment is o 
suniJar ^cUon but is reversible : 2Hg + O, -*2HffO. Again, organic com- 
pounds bum in oxygen to prwiuce carbon rlioxide and water (if they con- 
tom o^y carbon, hydrogen, and possibly oxygen). Siigar bums in this 
^**^**^*' “ 12C’0, 4- nH,0. There is no trace of sugar left in 

equihbngm with CO,. H,0, and 0,. and the reaction is irrevorsible. 
Neverthele«. the rei'erse reaction Ukea place in grem plonU under the 
influence of sunlight. 

formulated by Gtildberc 
H may be regarded as an experimcntol fact, but 
may be deduced : (I) from thermodynamics; (2) from the kinetic 

® deductioii Of ^ Uw of mass action.-The kiaetio theory of 
^es may ^ us^ to deduce the law of mass action for a cCmical 
reaction taking pUce in a gaseous system. When a mixture of hv^cn 

» fised temperature, hydrogen U 
formed ; when hydrogen iodide is heated at the t 

decom^^ into hydrogen and iodine vapour. In bAl ^ ^TU 
acUon IS incomplete and a sUte of equilibrium is readied ^ 


288 


IKOBG AXIC CHEM ISTR Y [ciui' 

In ihe reaction between hycln^cn and iodine rapour, the probability 
that a hydrogen molecule will be at a given point is proportional to 
the number of hydrogen molecules in unit volume. The probability 
that an Iodine molecule will be at the same point is proportional to 
the number of iodine molecules in unit volume. W^hen the two mole- 
cule.« are at the eame point a collision residu. The number of collisions 
in unit time is thus proportional to the product of the numbers of hydro- 
gen and iodine molecules in unit volume. 

Since the number of molecules is proportional to the number of gm. 
molecules or mols (no. of molecules »no. of mols x Avogadro’s number), 
tlie number of collisions in unit volume in unit time is proportional to 
the product of the number of mols of hydrogen and the number of 
mols of iodine in unit volume, i.e. to the product of the concentrations, 
ch, ^’<Jt every collision results in chemical change, but it Is 
assumcil that a constant fraction of the total number of collisions ia 
effective. Hence the rale of reaction of hydrogen and iodine in unit 
time in unit volume is 

rate of combination of Hj and (1), 

where is a constant at a given temperature, called the velocifjf 
coefficient (or this reaction. Expression (I ) gives the velocity of change 
of hydrogen and iodine into hydrogen iodide. 

The hydrogen iodide molecules formed will aUo enter into collisions 
and undergo decomposition into hydrogen and iodine molecules. 
Siticc tu'o hydrogen iodide molecules must be at the same point for 
collision, the above reasoning show's that, as the probability of finding 
each at the same point is proportional to the concentration, the proba- 
bility of finding two at the same point is proportional to the square of 
the concentration. Hence, the velocity of change of hydrogen iodide 
into iiydrogon and iodine is 

rate of decomposition of (2), 

wIhtc 4*3 is a velocity coefficient for this reaction. 

At c(jui librium, as many molecules of hydrogen iodide are formed in 
unit volume in unit time as arc decomposed. The velocities (I) and (2) 
are tlicn equal, and the values of care now the equilibrium concentrations. 
Hence, for equilibrium : 

M t I, * 'ki - const .•K ( *^)* 

where K is called the equilibrium constant. This is indo|>cndent of the 
concentrations (and hence of the pressure) but cJe|)cnd.son the tcmj>cra* 
turc. which changes the direct and reverse reaction velocities by 
different amounts. 

Tfic same r»*asoiiiijg shows tfiat for any rrvcreible reaction : 
aA bD+ ... ^pP “ <|Q * -- 

where a, b )), q. -• the iiurjilx*rs of reacting molecules of the 

substances ' a, 13, .... P. Q the equilibrium con.stant is : 

Ci»**r^n ... f ... - A’ 
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Hie probability of collision of more tlinn two molecules at the samo jilacc 
is very small » and the kinetic deduction is less suitable for reactions of 
lug] ler order, but the law of mass action, as is called, may be sujipost^cl 
to follow in the general case from its confirniation by ex [ler intent, tir it 
may be deduced from Thermodynamics. 


It is usual eo write the pro<luvt of the concentn\tioii8 of the pro'/wefa of a 
reaction in the numerator of the equilibrium constant, and the product of 
tlie concentrations of the reading subsinnees in the clenomitiator, os abovo. 
The larger the value of K» t>ie greater will be the extent of the forxrard 
reaction (left lo right) when equilibrium ta readied. Sumotimea the c<in* 
centrations, in gin. mob. or mob por litre, are (lenote<l by the chomicul 
a>Tnbols in square brackoU, (X] instead <^cx« and both methods will bo uso<i 
in the sequel. 


The equilibrium state. — If folio w.s from tlie kinetic theory that a 
itaU of e^uilibriHin vill be the ecme lokether the 6ubsUinee4 A. B. ... , or 
the eubeUinces P, Q, ... are initiaity taken. The same equilibrium state 
is reached on heating l^'drogcn iodide at >144* for a sufficient time aa 
on heating a mixture of equal volumes of hydrogen and iodine vapour 
At the same tem)>eraturc. 


TJiij was piwed exper imen ta I ly by Lemoine ( U7 7 ) and Bodenstein (1894), 
whose results are showii In Fig. 168. The abeciasae are times of heating in 
miautea and ordinates fractions of HI in 
the mixture. The upper curve is for the 
decomposition of HI and the lower for its 
formation from hydrogen and iodine. BoUi 
curves approach the same equilibrium 
state shown by the horuontal line. The 
condition for equilibrium b that as much 
of a substance (s.g. HI) is formed in a 
given interval of time as b decompoeed, 
and equilibrium b a state which ■ inde. 
pendent of time. 
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A true chemical equilibrium state b 
always a balance of two opposite changes, 
both of which are going on, and is a 
state of dynamic equilibrium and not 
^ static state in which no change at all 
realised by WiiliatDson 

Homogeneous and heterogeneous equi- 
• * States are divided 

m physical Ch^^gea. M,d the 


- — WO UO 

VfAatN 

Fjo. iM.^AtUifimecit of 
equilibrium state. 
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as a chemical cimiige : SBaOj^^^BaO ^ 0^. In this case oxygen mole- 
cules re -form barium peroxide by eollisitui willi Iwryta (BikO). 

Tlie rate of de<H»TnjMwiti«»n of liaO, U eonsmnt «t a gi\'en tc’io|iortttiiro, 
and when the rale at wliu b liaO, U fonned from HaO un<l O, is 6r|iml to the 
rate at which it decomiMmes. iH|iii librium is reached. The rate of formation 
of ItnO, U j)roporlional to the imml>er of rollUions of oxygon molwiilw per 
second, and this to the pressure of ll>e oxygen gas : hence e<iui librium is 
reached with a definite preasiire of oxygMi. At higher prcAsurM. oxygen is 
abaorbe<l to form baritim peroxUie : at lower pressures barium pertixide 
dccorniKMes into bar>*ta and oxygen. The etpiilibrium pressure doee not 
depend on the amounts of the moIhU (RaO and ltaO|) present. 


It might he thought that a greater surface of BaO would offer more 
opportunities for oxygen molecules to recombine, am) hence load to a 
lower oxygen pressure. Ostwald pointed oid tiiat the equilibrium is 
reached in the surface of separation of the solicis. Tlte oxygen is at first 
absorbed by barium oxide to form a layer of hariurn jxToxide, and 
barium |)croxidc in decomposing forms a layer of barium oxide. The 
solids just below the surface of separation come into ecpiilibrium with it 
by loss or gain of oxygen molecules, and e<pn librium is reachcKi wlicn 
as many oxygen molecules enter as leave the interface in the same time. 
The same reasoning applies to lhedecom|M>sitioii of ealcium carbonate : 
CaCOj^rfCaO + COj. 

Bffect of volatility or insolubility. — Herthollet pointed out tfmt a 
reve*rsible reaction may go to completion when a pitnluct is remove<l 
from the sphere of action by its volatility ( wlien it passt's away as a gas) 
or by its insolubility fwben it de|M)sits as a s(di<l). In both cases the 
subxtance cea.scs to exert nn inHuence on the equilibrium state. 

If calcium carbonate is heated in n eloi»e<l vessi'l nn equilibrium state 
is reached owing to the reversibility of the react jr»n : CaCOj ^CaO * 
CO j. As ma ny niolecu les of ea rUiii <i iox i<le are for tii wl by d ccom posit l<ui 
in a given time as arc absorbed by wmlmiathm with the calcium oxi<le. 
But if the heated calcium carbonate is exjHWc<l to the atmosphere, or is 
in a current of air, the carbon dioxide is carriiHl away an<l cannot re- 
combine with the calcium oxide. Tin; calcium earlwiiate may then 
decompose completely into calc him o.xUle and carbon dioxide. 


When ir<uk w beuiod in steam iei a cJosc<l vessel, oxide <if iron tiiid hydn'goa 
ate formed : 3K© -r 4H,0 - Ke.O* + 4H,. Since in the same rondiiiens oxide 
of iron is rofluccd by hydrt.geri a stale ..f r<inilibfiiim is renchwl : 3te> 
4H O r Ve,0, i 411,. und this is the same « bet her iron is Ucale<l m sleam or 
iron oxide is heiite.1 in hydrogen. Ifoeurrcni ofsuiiin is |m««c <1 <'ver hwitwl 
iron the hy<lroBcn formed b removal with the excess f)f steam onrl the m»n 
niQN' be cornplctclv oxidised. If a ctirrcnt ..f hydrogen is passed over htsiloc 
iron oxi<lc, the steam formal is r.irrio<l awny by the exrms of hydmgen an 
the oxide may bo completely rwhK-cl. 

The cfTeot of volatilifu was iM)intiHl out by Mayow in IP* 

IIR eiicoi j i _.icu<f\ .HVf). wnch is dis- 


for the equilibrium : KNO, - 

turbed bv the removal of the volatile nitric acid. 


HNO,. 

The reverse reaction 
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was proved by Baume in 1773 by crystallisini: out potASMtnm nitrate 
from a solution of (K»tasaium aulplinto in wnoentratofl nitric acid. 

The effect of iniioiubilitii appears wImmi a ix*action pnaliic^ in prccipj. 
tated from the system and ceaaos to have an effect on I hr ccpiilibrium. 
In the reaction BaCU H2t^0|^Ba804-«'2HCI, the l>ariuni i<iil])batr> 
precipitates and the reaction }^>es practically to completion ainev the 
concentraton of BaSO^ in the solution is very small. lVci])itated 
barium sulphate is appreciably soluble in boiling concentrated hydn*- 
chloric acid. 

Investigaiion of eqtiilibriuin states.— Since states of oquilibriiiin niv 
disturbed when one or more of the reacting substances arc removed from 
the sphere of action, and also by a change of temperature, it is often 
difficult to find the true equilibrium state which is rt>ached at a higher 
temperature when the system ia cooled to atmospheric tcm|)eraturo for 
anafysis. Use is made of the fact that /kt itiociOf of reaction is much 
i mat Ur at lower temperatures^ so that if tlie system is cooled very rapid! v 
the equilibrium is (as it were) “ frozen and the composition of the 
resultuig system may be the same as that of the equilibrium state at the 
higher temperature. 

If hydrogen iodide is heated at 444^ till equilibrium is renchod, and 
the bulb containing the equilibrium mixture of gases : 4 Ig Is 

rapidltf cooled, solid iodine de|»osits and a gaseous nil xt lire of hydrogen 
and hydrogen iodide remains. By opening over potaasium iodide solu- 
Uon the iodine and liydrogen iodi<lc dissolve and the hydrogen remains. 
The iodine may bo titrated and tlie volume of hyclrogiui measured 
tlje amounts of HI. H, and I, in tlie equilibrium mixture at 
444 can be found. This method was used by B^enstein (18b4) 

In the dissociation of steam : 2H80sa2H* io,. the reaction vdoeitv 
at the high tcmiwrature is so large thot very rapid cooling is wccHsnrv 
to freeze the oquiUbrium state. Grove (1847) heated o platinum wire 
electrically m steam. The products of dissociation formed on tlic sur* 
lace of the wire passed into the diluting and cooling atmosphere of 
steam, and their recombination was |nf vented. After a long time tlie 
gss mixture, whicli continually came in conUct with the liot wire 
reached equilibrium at the temperature of the wire. 



COg+0, 


Deyille (18(14) used the apparatus shown in Fi£ 167 A 
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carbon dioxide through the s|>ace between the tubes. The gases from 
l>oth tubes were collected over potassium hydroxide solution, which 
absorbs carbon dioxide. TIjc hydrogen and oxygen formed by dis- 
sociation of the steam were partly sejwrated by more rapid difftision of 
the hydrogen through the porous inner tube, most of the oxygen re- 
maining. The gas from both tubes was collected In the same receiver 
and 1 c.c. of detonating gas (2H* -r O^) was collected for every gram of 
steam passed through. 

Deville passed carbon dioxide rapidly through a glazed porcelain 
tube packed with bits of porcelain and heated at 1200"' to 13(X)®- The 
gas was collected over potassium hydroxide solution and a smaU volume 
of a mixture of carbon monoxide and oxygen was obtained : 2COj^ 
2C0 •►0,- In other ex peri menu, Deville passed a gas tlirough a heated 
porcelain tube with a narrow axial silver tube cooled by flowing water, 
whicii chilled the gas mixture so that some of the products of dissocia- 
tion were obtained- These experiments are usually described as the 
•• cold-hot lube method-'* 


The following table gives the percentage dbeoclation of eteam as found 
by Nenutand von Warten berg (1906). They paaaed ^team mixed with some 
detonating gas (2H, + 0,) through a strongly heate<l iwrcelaia tube end 
collected the detonating gas, chilled by i>aaaing through a porcelain capjllery 
tuba, over mercur>', the volume of lM|Ui<l water corulennod being also 
measured. Grove's healed wire metliod was used by Langmuir (1906) an<l 
Holt (1907). 


T* abe. 
1000 
1600 
2000 
2600 


10 atm. 
l‘39« l0-‘ 
1 03* 10-* 
0273 
I 96 


J atre. 

3 00 *< 10-* 
221 * 10 -« 
0*689 
398 


01 atra. 
$•46 s 10'» 
4*76 K I0-* 
1-26 
8-16 


O'OI atm. 
1-39* 10“ 
0*103 
2*70 
106 


At the melting point of platinum (1 765*) an<i TOO mm. preasum. about 
6 molecules of ateam in every thousand are disaocialed- At 7-6 mm. 


pressure this increasca to 27. 

Equilibrium calculations.— The following examples illustrate the 
quantitative application of the law of mass action. 
examples, see J R. Partington and K. Stratton. InUrmediaU Chemiutl 

Cafc«fafion4, Macmillan, Chafrtcr X). 


T-VAMPLE 1 —7*94 c.c. of h>'«lroRen (measures! at S.T.P-) and 0*0601 gto- 

ofilSne ue« heated ^ a^led bulb at 444^ ^11 o<,ullibruim was 
1 wl 9 52 c c of hydrogen iodide (moasured at S-T-P.) were formwl. 
P 2 ' ^27 en. . iTT g.n. mob,, of iodino vopour would occu,>y 
22-42 lit. Of 22420 I'.c.. hence the volume of iodine vapour initially prosen 

The 9'l'2?c'’rf hpIrigL'i ta'^'wer. formed from 4-76 c.c. of hydrogen 
ii„r^70 c .c of iodine vfponr. hence in t.» enoiUbrium mixture = 


vol. of hydrogen = 7-94 - 4-76-3-18 c.c. 
vol . of iod ine vapour S < 30 - 4- j 6 - 0* 64 c.C. 
vol. of hydrogen iodide - 9*62 c.c. 
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If V lit ifl the volume of the bulb, the <»nun(raiu>n9 in gm. mol, /lit. $.to : 
tZ JlXoV. lI,)»0.M/224207. (HI)»*9-52/23420V'. since I gm. 
mol. of gas et S.T.P. occupies 22420 c.c. ^ 

The value of the e^a»h*6nt«m conatant at 444 is thus : 

^ [1,]/[HIP»=318* 0 S4/<9‘52)* = 0-0l895. 

the factor 22420 V canceUing. This sho>rs that tlie equilibrium compoaithn 

in this case is independent of the volume. • 

Now suppose that 8-10 c.c. of hydrogen and 2-94 c.c. of iodine vapo^ 
Iboth'redu^ to S.T-P.) ere healed together at 444 . What volume of HI 

is formed at equiUbfiiun t Let 2* c.c. be formed. Th«i : 

H, + I. ^ 2HI 
volumes (810-*) (294-*) 2* 


(8*10 -*1(2 94 -*)/4*< = Ks» 0 01898. 

The solution of the quadratic equation ^vea * * 2-826 or 912. Only the 
root 2*825 is posaihle. since 2*94 c.c. of iodine vapour can pve only 6-88 c.c. 
of HI as a maximum- Hence the volume of HI formed is 2 « 2*825 * 5-65 
c.c. Bodenstein by experiment found 5*66 c.c. 

E&AAt?LE 2.— 2-0 gin. of phosphorus penUchloride sealed in a vacuous 
bulb of 200 c.c. capacity were heated at 200*. If PCI* it 48*5 per cent 
dissociated at 200* at I atm. pressure, find the pressure dsveloped in the 
bulb. 

2*0 gm. PCI* » 2*0/208 * 0*0095 gm. mol. (mol. wt. of PCI* * 208). I-et * 
be the degree of dissociation of the PCI* under tlie conditions of the experi. 
ment, the volume V being 0*2 lit. The concentrations are : 

(PCM* 0*0096(1 -*)/0-2, (PCI,]a(CI,)»0*0096x/0*2. 


The equilibrium consUnt is ii»0*0095**/0.2(l -*) (i) 

At 200* at ) atm. pressure the PCI* is 49*5 per cent dissociated. But 1 
mol of PCI* forms (1 - *) mols of PCI* and * mols each of PCI* and Cl*, 
or(l- 2 } + 2*««l4* mols in all. At S.T.P. the mixture occupies ( 1 -i- *) x 
22*4 lit., and at 200*. 22*4 x 1-485 x 473/275 s $7-6 lit. 

The equilibrium constant is Ks [PCI*H^U)/[P^>)- 

(PCl*)s 0-485/67*6, (Cltl»'0*485/57*5, [Pa*)s (I - 0*466)/67-6s 0-51$/ 

Ka{0-485)*/0-515x 57*6* 0*00793 (U) 


It should be noted that this expression, unlike the one for hydrogen 
iodide, includes tbs volume, hence the equilibrium compositiorv (but not 
if) depends on the volume. From the two expressions (i) and (ii) it is 
found that the significant root is x s 0*332. 

The number of mols in 200 o,c. is thus 1'332 » 0-0096 and the pressure 
will be .-3 

1-332 X 0*0096 X—: » 2*48 atm. 

0*2 273 


Effect of pressure on equilibiium conqmeltioQ. — It must be emphasised 
that the equilibrium constant K does not depend on pressure but only 
on temperature, whereas the compontion of the equilibrium mixture 
(spedfiM by the value of * in the above examples) may depend on the 
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volume or pressure. When the reaction does not lead to a change of 
volume, a pressure change has no effect on the equilibrium composition. 
This is the case rvith the dissociation (or formation) of hydrogen iodide : 

2HI H, + 

2(1 -x) X X 

[HI]-2(l-x)/V. lH,J-(IJ-x/K 
if -[HJ xtlJTHI] -x*/4(l -X)* (i) 

Since this expression is independent of volume, change of volume or 
of pressure will have no influence on x. The same result applies to the 
case 2NO?aNj + Oj- 

In the dissociation of phosphorus pentachloride there is an increase 
in volume, and V now appears in the equation for the equilibrium 
constant : 

pa* ve PCI, + Cl, 

I -X X X 

[pa,]-(i-x)/K, [Pa,)-[ci,)-x/r 

/r. (PCI, ] x[Ci,i/(pa,i-**/<i -•*)!' w 

In this ca*e the volume. »nil hence the presaure, is involved. If t' is 
increased. i.e. the pressuw is decreaeed. the denominator in (ii> becomes Wo 
laree and the numerator, and therefore *, must increase to keep the value 
of the expreesion on the right equal to K. Hence dissociation uir^ 
when the pressure is lowered. Similarly, it is shown that dasociation 
decreases when the pressure is raised. Dilution with an inert gee mducee 
the partial pressures of the reacting substjmcee. and has the same eHect as 
lowering the total pressure on the pure mixture. 

Equation (ii) also applies to the cw : "h.ch the 

effect of adding an inert gas was proved expenmenUUy by Playfair and 

"^E^cTof'^aiige of tempsratuie on equilihrium.— Unlike change of 
oressure a cha^e of temperature leads to a change id the value of the 
equilibrium consent X itsdf. The effect depends on 
of reaction. In the equilibrium equation, reaction m 
evolve heat and reaction in the opposite sense "*‘1 
* f..! rnU U that rm of Urnwralun favourf tkal readion wAicA 

iZ Hen« the temperetui4 of an equilibrium mixture 

temperature increases the extent of dissociation. 

The effect of tomperature can be calculated from the rtochon «ocAor* 

e^ualion. due to van-t Hoff (1885): ^ 

log X, - log K. = (jT - y) 

where X.and X. are the equilibrium constanU at theabsoluto tomperaturea 
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r, and T., and ?. i» the heat of reaction in gm. cal. absorbed at constant 

'’“’ES^LE-The vapoor densities (.ir=l) of N,0. and of the partly 
dissociated gas : N.O.f 2NO,. at 20-7* and I U S* end I atm. 

3179 2*65 fcnd 1*05, respftctiveJy. The extent of dissociation x is calcu- 
?a!^'fLm the ioatio„ra = (d -i))/0 (p. 110) as (3179 - 2.65)/2-05 = 

0 1997 at 26-7*. and (3179 - l-65)/l-85 = 0-9200 at Ill-S . The volume V 

conuintng 1 gm. mols. at 1 atm. at 26-7* i. 22-4 « 1-1997 - (299_;7/273) = 
M-50 Ut^Tand at 111-3* is 22-4 . 1-9266 . (384-3/273) = 00-74 lit. Theequi- 
hbriuiD constant is K » x*/(l ~ x)y. Hence t 

log >C,alog t(0*l997)‘/0'9003 * 29*50)* 5*2977 
log if,* log ((0-92e6)VO'07S4 k M U] * I* 2840 
log K% - log/Ci » 2*0059. 

Also l/Ti.l/n*(r,-T,)/rtr.*84*5/(299*7x 384*3)* 1/1369*5. 
Hence *4*076* 2*0059 * 1359-5* 12,850 g. cal. 


Law of reaction.— The effects of changes of pressure and temperature 
on the composition of an equilibrium mixture are summarised in the 
lAw of reaction stated by Le Chatelier : if a st/9Um in equtUbnum is 
gubjecUd Uy c censtraint, a change accvr$, if pouibic, of ivch a kind that 
the consfrainf is partly annnM. This applies only to systems in equili- 
brium. Change of pressure leads to changes which alur tlie pressure in 
the opposite direction ; changes of temperature lead to changes which 
tend I by absorption or cTolution of heat, to changes of temperature in 
the opposite direction. In the last case, if the altered temperature 
be maintained, change of composition will occur in the specified sense. 
If a reaction occurs without change of Tolume. pressure has no in* 
Auence; if it occurs without absorption or evolution of heat, temperature 
changes are without effect. 

Effect of addition of products of reaction. — The effect of adding an 
excess of one of the products of dissociation of consfanf volume is easily 
seen fnm the law of mass action. In the dissociation of hydrogen 
iodide, to which the equation K x(l 2 )/[HIl* applies, addition of 
excess of hydrogen or iodine vapour increases the corresponding con* 
centration, and to maintain tbe value of K» [HI] must also increase, i.e. 
the extent of dissociation is reduced. The same result follows for the 
addition of phosphorus trichloride vapour or chlorine in the case of the 
dissociation of phosphorus pentachloride, x[Cls]/{PGt]. 

The effect af consfanf pressure is not so easily seen, rince the change of 
volume alters the Goncenti*atioDa. 


Let 2 rcols of hydrogen iodide be heated at 444*. Then <p. 294) •. 

«*/4(l •x)*sKs0 01896 

x/(l -x)* ± V(0’0768)* ±0*2754, and the admissible value of x is 
0'2Ld. Suppose 1 mol of hydrogen is added, tiie pressure remaining con- 
stant, and let x change to x'. Then : 

2HI H, + U 
2(1 -x') l + x' s' 
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The total number of xdoU la 2(1 - x') -f 1 -«■ x' + x' b 3, and the total volume 
H r = 3RT/p. where V is tlio volume at the temperature T and preeaurep. 
Hence ; 

(Hi) = 2(i -x')p/3Rr, [H,)=(i + x')p/3ar. ci,]BX>/Rr, 

/. ^B*'(l + x')/4( I- x')*B 001895. 

hence x' s 0 083 (the negative root being inadmissible). Since the degree of 
dissociation of pure HI at 444'' is xbO SIS. the degree of dissociation is 
reduced by adding hydrogen at constant pressure. Addition of excess of 
iodine va|>our w'ould have the same effect. 

Let 1 mol of PCI» be heated at 200^ at 1 atm. pressure and let a further % 
mols of PCIj vapour be added at constant pressure. In PCI^ vapour alone 
the degree of dissociation is 0*485. and Kb 0*00793. Let x now change to 
x\ Then: 

pa» f* PCI, + Cl, 
l-x' 2 + x' X' 


The total number of mols ie I - x' + 2 + x' ♦ x' * 3 + x\ and the volume is 
VB(3 + x')Rr/p»<3 + x')Rr (pBl fttm.) : 

CPCI,]b(1-x'>/RT(3 + x'). tPCI,]B(2 + x')/Rr(3 + x'). [Cl,] b xVRT(3 + x') 

K«(Pa,]v[a,lrtPCI,l*:x'(t + x')/Rr(3 + x')(l-x')B0*00793- 

RB0*08208 lit. atm./l*(p. 108). Tb 273 + 200 b 473. RT* 38*824. 

• x'(2 + »')/(3 + x'Hl-*')* 0*3079. x'b 0*300 (the other root being 
inadmissible). Hence the degree of dissociation is reduced from 0*486 to 
0*3079. 

Wurtz (1873) showed that when phosphorus pentachlorid© is volati- 
lised in an atmosphere of phosphorus trichloride vapoiir at 
pressure iU dissociation is largely suppressed, very little of the wlow 
of chlorine being seen. By volatiUsing phospliorus pcntachlonde and 
trichloride in a Dumas vapour density 

mixed vapour, and analysing the content of the bulb, he ^ 

calculate the vapour density of phosphorus pcntachlonde, uhich was 
nearly normal in presence of the excess of trichloride, 

HetsrOKeneous equilibria.— Guldbcrg and Waage showed that when 
a«®;^sent in" a system their sotive ma^ may ^ 

Btant and included in the equilibrium constant K. In the ^actio 

KteO, S. *B.SO,v.K^O,.Aq. +BaCO,. the f/eSj* 

Aran^example. consider the reaction : 

3Fe+4H,0eiFe,0.+4H,. 



XYTirl HETBBOGEKEOUS EQUILIBRIA 

which the Uw of mass action applies, in very small and constant con 

centrations : ^ const., [FcjO*] - const. 

The equilibrium in the phoAt is given by : 

K‘ ^^tFeAl * [HtP/tF«P [HjOp. 

but since [Fe,0|]/[Fe]* is consUnt, tl»U may be written : 

-const. xlHjPAHtOp 


or 

showing that the ratio of the concentrations (or partial of 

hydrogen end sUam is constant at a given temjwfature. This agrws 
with the experimental results. The equilibrium is not affected by the 
amounts of iron and iron oxide present. 

Equilibrium constants in terms of partial pressures.— Since the pcriial 
prusHTt of a gas Is simply related to its concentration, the law of maas 
action may be expreUed in terms of partial pressures. Let n mols of a 
gas be contained in a volume V lit. The volume of 1 raol is V/n and 
the general gas equation (p. 107) may be written : p{V/n)^B^T, or 
p«(«/K)RT. But n/ 7 ■concentration e in mols per litre, honco 
P-cEjT. a concentration c can, therefore, be replaced by pfKT, where 
p is the partial pressure of tlie gas in the mixture. The equilibrium 

constant is : k 

X ... /caHb® 

where nap + q-f ... b + ... ). If: 

- /Pa*Pb^ 


is the equilibrium constant expressed in terms of partial pressures, this 
Nvili be constant at a given temperature, since (E2^)^ and if ■ ifV^BT'}'' 
are constant at a given tempetature. In most calculations the use of 
concentrations is more convenient and less likely to lead to error than 
when partial pressures are used. 


£ner 0 of activation.— Those molecules which are in a condition to 
undergo chemical change on collision (acTitv fnoicculea) appear to be those 
having more than the normal amount of vibrational energy corresponding 
with the temperature of tlie gas (seo p. 117). To form an acUvo molecule 
a crUical incrtmtni of energy is necessary* 

The number of bimolocular collisions per sec. In a ttuxiuro of hydrogen 
and iodine vapour can be calculated from the kinetic Uioory of gases, which 
slao shows that it is proportional to */r (where T-abs. temperature). 
Experiment shows that the rate of reaction is much emoller than it aho^dd 
be if every collision weio effective, and also increases with temperature 
much faster than •/T. The velocity of most roocrions is about doubled for 
a rise of 10 ^. The results ace expUined by aasuming that the proportion of 
active molecules increases with temperature by an exponential factor 
e-f/W^ where k is Bolumann'a constant, or the gas constant per molecule, 
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k»R/K. where N is Avogadro's number, and q is the tntrgy of 
(absorbed) per molecule. Per rool, the energy of activation is ^ = 

At 556^ abs. the number of molecular collisions per sec. per lit. in hydro* 
gen iodide at a concentration of 1 mol per litre is 6 x 10^. The measured 
rate of decomposition into hydrogen and iodine is 2 x 10^’ moleeulee per sec. 


no. of molecules decom posing per sec. 
* no. of m^ecules colliding per sec. 


2 X 10” 

” 6 k 10»« 


.-omr 


( 2 X 10U\ 

-Q/(2.55e) 

/, Qs 47.420 g. eal. 

(The value of R is Uken as 2 g. ca!./l* per mol). This is a large value as 
compared with ordinary heats of reaction (p. 282 ). 



CHAPTBE XIX 

ELECTROLYTE EQUILIBRIA 

The study of i^mria in tU^lrdyU $clniicn* IncJudw many topica of 
ouUUnding importance- We may state at the outeet two fundamental 
assumptions underlying the whole treatment : 

(I) Weak eUcirolyUs obey the law of mcM action in dilute edutionc. 

(ii) Strong eUclrdytee art completely ionised and the law of mass aeiion 
does not apply to them. 

Since most salts are strong electrolytes (p. 236) the application of the 
law of mass action to electrolytes is practically confined to weak acids 
and uieail; bases. 

lonisatioii of weak adds and bsses.— The application of the law of 
mass action to weak acids and bases was made by Ostwald in 1888. 
Let 1 mol of a weak monobasic acid HA {e.g. acetic acid) be dissolved In 
V litres and let the degree of ionisaUon be a : 

HA fs H + A' 

1 -a « a 

The concentrations are : 

tHA]-(l-a)/K tH')-a/V 

and the law of mass acUon gives : 

IHUA'1 /n 

Tffiy 

where is the dissociation constant of the weak acid. 

Similarly for a weak monacid base sudt as ammonia NH 4 OH : 

BOH se B*+OE' 

1 -« a a ; 

• ' [hOVf 

where is the dissociation constant of the bsae. Equation (1) or (3) 
is sometimea eallad f^ioa}d*a diluium Ltu. 


The following results show that when a k from the equivalent 
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coiiductivity, cc s A/A« . the equations hold very accurately for acetic acid 


(A« s 387) and ammonia (A« 

K Ut. - 

= 252) at 25^ : 

8 16 

32 

64 

128 

256 


A - 

. 

4-63 

6-50 

9-2 

12-9 

18-1 

25-4 

Acetic acid- 

lOOa 

. 

1-20 

1-68 

2-38 

3-33 

4-68 

6-56 


10* * K. . 

. 

181 

17-9 

18-1 

18-0 

17-9 

18-0 


A . 

. 

3-4 

4-8 

6-7 

9-5 

13-6 

19-0 

Ammonia . 

lOOx 

. 

1-36 

1-91 

2-66 

3-77 

5-36 

7-54 


10* * Kt - 

• 

23 

23 

23 

23 

24 

24 


For a weak electrolyte « is small compared with t and hence (1 - a) 
can be taken aa unity in (1) and <2), giving : 

( 3 ) 

where c a 1/V is the concentration. In a normal solution a 

The equations often apply to weak potybasic aci<U, which usually 
ionise in stages and only the 6rst stage Is appreciable except at very 
high dilutions. According to Ostwald the ionisation of the first (uni- 
valent) radical HA' of a dibasic acid begins to be appreciable only after 
50 per cent of primary ionisation into H‘ and HA' : 

-cHA' 

HA'fSH +A'. 


A saturated solution of hydrogen eulphide at 28* is approximately 01 
molar. It dissociates in two stages : 

(i) H,S-H' + HS' /f»*fH-)(HS']/(H,8)»9'lxlO-*. 

(ii) HS'wH--kS" /f.«CH*US'1/(HS'3 

Both H,8 and HS' are very weak acids to which (I) applies, and the second 
dissociation constant is much smaller than the first. . _ . . 

An empirical method of determining the b<t4kUy of an oetd, B. given oy 
Ostwald <1887) depends on finding the conductivities of thesodium 

or potassium salt at dUutlone of 32 and 1024 lit. at 25’ and using the 

The common ion effect.— The lew of mass action shows that the 
ionisation of a weak electrolyte HA or BOH is depressed by adding to 
the solution a largely ionised salt (MA or BX) conUining an mn A or 
B' present in the weak electrolyte solution- (The other ion of the salt 
is supposed to have no effect.) 

Bv adding 0 I mol (S-20gm.) of solid sodium acetate CH,COONa to I ht. 
of Od molar^acetic acid the toUl aesUte ion concentration is approxi^tely 
01 mol/Ut.s since the sodium aceUte is practically completely lomsed . 

CH,COONa = CH,COO' + Na, 

and the concentration of acetate Ions from the aceUc acid is very 
small. 
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Hence [CM^'lSiO l end [CH^OOHJc: O-l. since the ecid is only 
very slighUy iontfed. From ( 1 ) : 

CH'][CH^O']/[CH,COOHJ* Id* lO"* ; 

/. 10 -*, 10 “*, 

and since [H ] = «. «= 1-8 x IO-»/0-l ^ 1-8 . l0-‘. In 0-1 molar acetic 

acid alone (3) give- « = ^l-8. lO-fO-1 = 1-34 . 10-, Thus adding the 
sodium acetate has reduced the degree of wnisation from 1-34 x 10 to 
I'B)* 10-*. 


Ionic product of water.— Pure water ia only very slightly ioniaed : 

+OH'. 

The degree of ionisation can be found moat accurately by the conduc- 
tmty» and at 25* [H*] - [OH'] - 10-’ tool/lit. Hence the maas-action 
equation gives 

[H][0H'MH»0] - 10-w/(H,O) - K. 

Since [H|0] is consUnt^ - const. - K^, and 

[H][OH']-^*-lO“‘* (4) 


where is the tonic product ^ veUr. increases with the tem- 
perature, and the reaction Uoebore equation (p. 204), with values of 
at different temperatures, shows that the Aeo^ o/ ionisation of waUrm 
13*48 k. cal. (absorbed) at 25^. This agrees with the value for the heat 
of nsviT^isaiion (p. 23S). wbiob is the beat evolved in the reverse 
reaction : H* -f OH' — H«0. 

The ionic product of heavy water at 25* Is [D‘] x (OD'j — 1*95 x 10-'*. 

Hydrogen ion index or pH .—In all neutral solutions in water tbo hydro- 
gen and hydroxide ion concentrations are equal: [H']— [OH'], but 
since (4) is also true for all solutions (acid, alkaline or neutral) the 
hydroxide ion concentration is always given by 


[OH'].irjlfl].10-«/[H‘] 

at 26^, and alkaline solutions may be regarded as having hydrogen ion 
concentrations smaller than 10*^, i.e. having larger ne^iue exponents. 
The whole range of reaction from add to alkaline may thus be given in 
terms of the hydrogen ion concentrations or exponents. 

Instead of the hydrogen ion concentration it is usual to give what is 
called the pH vshw for the solution, where 


pH- -logtH-] (6) 

Thus pH is the exponent of the hydrogen ion concentration (expressed 
as a powef of 10) xoith the sign ehangtdy or pH Is mintts the logarithm of 
the hydrogen ion concentration, or still again it is the logarithm of the 
dilution V Lit. containing 1 mol of hydrogen ions (sinee [H']— 1/F). In 
neu^roi solutions pH - - log 10“^ » 7. in acid solutions pH is les$ than 7, 
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ami in alkaline solutions pH is greater than 7. Strictly speaking pH is 
deSnecl in terms of the hydrogen ion aciivity (p. 311) rather than the 
concentration : pH » - log ob (6) 

Hydrolysis. — Salt.s of weak acids or weak bases or both are decorn* 
posed by water unth formation of free acid and free base : 

BA + H,0 as BOH + HA, 

and the process, which U reversible, is called hydrolysis. Since the salt 
is practically completely ionised the equation may be written : 

B +A' + H80^B0H + HA, 

and either BOK or HA may be ionised if the base or acid is strong. 

The following cases occur : (i) the acid HA is weak and the base 
BOH is strung, (ii) the base BOK is weak and the acid HA is strong, 
(iii) both the acid HA and the base BOH are weak. 

Hydrolysis may also be regarded as due to the withdrawal of liydrogen 
ions from water by the anion of the weak acid, leaving hydroxide ions of 
water forming an alkaline solution ; or the withdrawal of hydroxide 
ions by the cation of the weak base, leaving hydrogen ions forming an 
acid solution : ^ HA + OH' 

(H +OH') + B' vsBOH + H . 


The equations for hydrolysis arc found by applying the law of mass 
action to the weak acid or base, or botli ; the salt, strong acid and strong 
base being assumed completely ionised. It should be noted that the 
law of mass action must not lie aj^plied to a strong electrolyte. 

(i) Weak acid aad stroag base : 


B* + A' +H,0 e* B* +OH' + HA 
A AN-H,Oe*OH' + HA 

[OH')(HA];tA') - const. iV 

where is a constant. Since the base is strong (BOH -B’ +OH'). 
fOH’1 U practicaUy equal to [base], and since the salt is assumed com- 
pletely ionised (BA - B* ^ A'), [A'J is practically equal to [salt). Hence 
(7) can be written i [acid) [base] 

[uEb'ydiblysetTsalt I 


A', 


and the hydrolysis coasUtnt. , r i. u 

Tlie degree of hydrolysis x is the fraction of each m- “ol- of hydro 
lysed at cquilihrium. For 1 gm. mol. of salt in V litres 
lOH-) = lHA)=i/r and -i)/V ; 


(A'J “ (I-*)*' 


(«) 


ftom (7) 
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This shows that the degree of hydrolysis * increases with the dilution V. 
In the solution there are two equilibria holding simultaneously : 

H.O a* H- + OH' ; = [H ] [OH'] 

HA H- + A' ; K, - [H ] [A']/[HA] 


from (7) : 


IH-I fOH'l fHA] [OH'] (HA) _ ^ 
IT. “ [H ) W (A'] 

K^~KJK 


-(9) 

( 10 ) 


The hydrogtn ion amcentnUion [H') (or pH - - log [H']) is found as 
follows. If e-l/F -total salt concentration in mols/lit., then since 
[HA] - [OH'], and p* - -log * where i is any number : 


[HA] [OH'MA'] -X, - [OH'P/c 

£rom(IO) [OWf/e-KJK, 

[on'i-TiCTI; [H-]-ir./[OH'3-7j(:.x./c; 

pH-Jp/C, + 4pir. + lloge (11) 


(ii) WMk bftM 4nd strong leH: 

B* +A + H,0 BOH +A' +H 
or B' + UtO^BOH-hH*. 


Alia 


&Qd 


[HI [BOH] [acid] [basal 
[H] ” [unhydrolysed si 


H,0»aH+0H' 
BOH a* B + OH' 


salt] 

A,-[H-][OH'] 
Jf,.[B](OH']/(BOH) 

K^-KJK, 

[H-] - [BOH] - x/V, [B-] - (1 - *)/ r. 

z* 


• K 


( 1 -*)!' 


Again, 


pH - ipX, - IpX, - i log e. 


(12) 

.(13) 

.(U) 


(iii) Weak acid aad weak bu*: 

B 4A'+H,0^B0H + HA» 

[BOH] [HA] [Um 1 tacidl 
[B']tA'] °[unhydK4^aalt)>’ 

[BOH] =[HA) -x/F, [B J =(A'] -{1 -*)/7 ; 

. (x/F)x(t/F) x« 

•• ‘ {(1^)/F}* “(1-x)* 

In this case the degret qf hydrolytU u independent of (Ae dilution, 


( 15 ) 
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Again, 


H,0 

HA 

BOH 


H +OH', ^,=[H][OH'J 

H'+A', /. i:.=(H-](A']/(HA] 

B +OH'. A» = [B ][OH’)/[BOH) 

, ^ {BOHJ[HA] 

• (B](A) “A.A, 


Also 


[H-]-A-.[HAHA']-A-, 


^IV .. 

•{\-x)lV 


z 


and since */(l from (15), 

. . pH-JpA* + Jp^a-iP^v 


(17) 


As examples of hydrolysis we may cite potassium cyanide, a salt of 
the weak hydrocyanic acid : KCN + H^O sK* + OH' + HCN, giving an 
alkaline solution smelling of hydrocyanic acid ; and aniline hydro- 
chloride, a salt of the weak base aniline, giving an acid solution contain- 
ing hydrochloric acid and free aniline. 


d) In 0*01 molar eodium ceeUiU solution at 25'': 

l0-*»6-5» lO-w. 


The degree of hydrol>*sis x is given by A'* * x»« 1 - x) T » x«c/( 1 - x) s 
/. 5-5* OOlrtI -x)j x»0 000235. 

From (U) s pH» JpA^+ ipA*+ 1 logc-7-h2'37-f- J(-2)*8-37. 

The t^uivalenet pcint in t»jo titration of acetic aci<l by NaOH [U. whw 
checnically equivalent amounU have been mixed, «.rf. 10 ml, of *V/10 ac^slic 
acid ami 10 ml. of N/IO NaOH) is not tho same as the «««lrolpoin< (pH * 7), 
because the solution is alkaline from the hydrol>*8is of tho sodium ecetate, 
and in the titration a suitable indicator wluch clianges on the alkaline eide 
{pH> 7) must be used. 

(ii) In 0*2 molar ommoniwm <hU>ride at 25*, from < 14) : 

pHs7-2*37>i(-0*70)«»4*98. 

At the equivalence point in the titration of ammonia with hydrochloric 
acid the solution is dUtinctly acid (pH<7) and an indicator which chwg« 
colour in tho acid region must be used. methyl orange or methyl red, 
but not phenolphthalein. 

Buffer solutions.— A solution conUining a weak acid or base and a 
salt of this with a strong base or acid, respectively, has the foUowing 

properties : 

(i) it has a definite pH value determined by the ratio 

(acid)/[Balt] or [base]/[ealt] i 

(ii) the pH value is practically unchanged by dilution ; 
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im) th« pH value is only sligiitly obanged by addition of a stro^ ookI m 
the cese of the waah acid mixture or of a etrong baae in the case of 
tlie weak base mixture. 

Such a solution is called » buffer aolutioa. Examples are a mixture of 
acetic acid and sodium aeetole solution, and of ammonia and ammonium 
chloride solution. 

If to acetic acid of concentratiwi [HAc] solid sodium acetate is added 
to concentration [NaAc) wc can assume the sodium aceUte completely 
ionised, (Ac') - total NaAc concentration “(salt), the acetate ions 
&om the weak acetic acid in presence of the salt being negligible. For 
the acetic acid : 

[H)tAc')/lHAc]-^. 

[H]-x,ihaciaac'3-a:.^’. 

Since the mlio [acid]/[salt] is practically not changed by dilution (the 
ionisation of the acid remaining practically constant), the hydrogen ion 
concentration is also constant. By taking logarithms : 

log [H] -log if# + log . 

and putting psr — - log x we find 

pH-pK. + luggJj (18) 

which is the Henderson and fia9$eibaUh equation. 

Suppose solid sodium acetate is added to 1 lit. <4 N I iO acetioacid to make 
the solution NflO in sodium acetate. Then (Ao'j -6’1» hence at Id* : 


or 


[H]aA^[HAc)/(Ac')«lgK 10“**01/0lal8« 10-‘ 
pHa - log (l $x 10’«)«4*74. 


Now add 10 ml. of N hydrochloric acid and neglect the volume change 
from 1000 to 1010 ml. The hydrochloric acid takes acetate ions and forms 
practically undissociated acetic acid : 

[Ao'l»0*l-0-01s0 00» 

[HAc] s 0*1 -f 0 01 « O il ; 

CH*)=X,CHAoV(Ac']»l Sx 10“*(O U/0 09)-2‘2x 10-* 
or pH — 4’66. H«ioe on adding the strong acid the pH changes only by 

4-7 4- 4’ 66 » 0-02 unit. 

whereas if the 10 ml. of N HCI bad been added to a litre of pure water 
(pH££7) the pH would have changed to - log (0*01) a g, {4. by 6 units. 

A mixture of ammonia and ammonium chloride is used in qualitative 
analysis because the OH' concentration has a small value which is 
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sufficient to precipitate hydroxides of Group III metals but not of 
Group IV metals. In this ease it is easily shown that : 






[salt] 


(W 


since 


[base)* 

K^^[B’][OR'yiBOE] and [B') C 2 {salt). 

Another weak acid buffer solution contains Na^HPOi and KH)P 04 i 
which are practically completely ionised, so that 

(HPO/'lci [Na^HPCJ and [H,PO;) = [KHjPOJ. 

Also HjPO/reH +HPO;' 

where Kt^l'4x 10^ is the second dissociation constant of phosphoric 
acid. 


Hence 




(See Partington and Stratton, InUrmtdiati Chtmical Cokulali<yn$, 
Chap. XII.) 

Some simple buffer solutions are made up from the following solutions \ 
O-IN acetic acid, O IN hydrochloric Skcid, 0* sodium hydroxide ; 86‘6 gm. 
crystalline sodium phoephate NafHP0a,l2K|0 in 1 litre ; 

Comporilioa of solution 
142 5 ml. acetic acid + 107*6 ml. water 
2*7 gm- cryst. eodium acetate (CH»COONa,3HtO) in 1 litre 
+ 1 litre acetic acid 

16 gro. cryst. sodium acetate in 600 ml. + 600 ml. acetic acid 
300 ml. sodium phoephate + 260 ml. O IN HCI 
234 ml. sodium phosphate +184 ml. O’lN HCI 
200 ml. sodium phoephate + 0*4 ml. 0*1^ HCI 
200 ml. sodium phosphate + 1*0 ml. 0*1^ HCI 
200 ml. sodium phosphate + 0*72 ml. 0 \N NaOH 
200 ml- sodium phosphate +7 2 ml. O lN NaOH. 

ladicators.-Accofding to Ostwald (1891) indicston are weak acitU 
or weak basea which hare different colouw in the undissociated and 
diasociated states. In many cases, as Hantisch (1908) show^, the 
coloured ion may have a different structure from the onginal indicator 
molecule, but this does not affect the general principle. 

PhenolphlhaUiu is a very weak acid and is colourl^ 
ionised. In presence of alkaU a salt is formed which is largely ionised 
to give an intensely red anion : 

HPht + OH'»H,0 + Pht'. 


IH'} 

io-» 

10 -* 

10 -‘ 

lO’* 

10 -» 

10 -* 

10-* 

10 -'» 

10 '“ 


pH 

3 


6 

6 

7 

8 
9 

10 

II 
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Methyl orange is the sodium salt of a su) phonic acid and is largely 
ionised in solution. The yellow anion in presence of acids behaves as a 
weak base, atUches a hydrogen ion H* and rearranges to form a red ion 
which baa opposite charges on different parts but is electrically neutral 
as a whole (a hybrid ion). In presence of alkalis this gives the yellow 
anion : _ 

M<^+H%H.Moi”i; H-Mou+OHf*Moi+H,0. 

y«Uow red red yellow 

If we consider an indicator which behaves as a weak acid dissociating 
to the extent a and neglect the structure changes (which do not affect 
the final equations) we have : 

(H J (A‘]/[HA1-^«»[H1y^. 

/. pH-pA.+logj-^ (20) 

hence when « -0*5, pH 

The curves of « plotted agaiAst pH are all of tlie same form (Fig. 16d). 
For pH lees than 6 (he given indicator is hardly ionised and shows no colour 
change ; the change oceun in the pH range 
d to $. The pH ranges in which various 
indicators change colour are shown in Fig. 

189. The gaps are to be filled in with the 
adjoining colour, tg. phenc^phthalein is 
colourless for pH <8. Thymol blue has two 
colour ranges. 

When the colour range Is narrow the 
indicator change is sharp. The pH value 
at which the sharpest colour change 
occurs is called the indicator exponent pT. 

This is, for methyl orange 4, for methyl red fi, and for phenolphthalein 8. 

Indicators are thus week acids or weak bases which change colour in a 
definite pH range, and an ion of the indicator has a different colour from the 
indicator molecule. 

An example of a screened tndico^ is a mixture of methyl orange and 
indigO'Oaraune which is yellowish*grees in alkaline solution and changes 
through grey at to violet. A unte*ersaf indiealor is a mixture of 

several indicators giving a range of coloun for a succesalon of pH values. 

Choice of an indicator acidimetry and alkalimetry the choice of 
indicator depends on the hydrogeii*ion concentration of the resulting 
salt. If a slightly alkaline salt like sodium acetate is formed at the 
eguivoZence point (when equivalent unouote of acid and base are pre- 
sent ; this is not the same as the neutral point if there is hydrolysis) an 
indicator is used which shows a change of cobur on the alkaline 
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side over a pH range including the pH value of the equivalence point. 
Pltenolphihalein, which changes colour for pH about 8 to 10. is there* 
fore used In titrating acetic acid nifh sodium hydroxide. If a weak 
base like ammonia is titrated with a strong acid, the resulting acid* 
reacting salt will require an indicator which changes colour over the 
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appropriate pH range on the acid side. In this case methyl red, whicli 
clianges at pH about 4 to 0. may be used. When a neutral salt is 
formed, as in titrating a strong acid with a strong baae, a alight excess 
of cillicr solution makes a large change in pH, so that any indicator 
having a colour change between pH 3 and 10 will be satisfactory. Con- 
versely, the titration of a very weak base with a very weak acid is 
seldom possible on account of the relatively smalt change in pH value 
at the end-point (see p. 310). 

Titration curves.— The plots of the pH values of solutions in acid* 
alkali tit rations against volume of acid or alkali added are called (itraiion 
curves, and arc iroporUnt in giving the pH at the equivalence point and 
$0 enabling suitable indicators to be chosen. Some of these curves are 
shown in Fig. 170 (temperature 25*). 


(\) Slrono acid and atrano ba«.— ^Suppose we take 100 ml. of N HCl and 
add X ml. of N NaOH. The un-neutraliscd acid is { 100 -x) volu^ 

(tO 0 + r> ml.; (H')= (IOO-*miOO.|.x). The pH* - log (H J values 


are : 


X 

pH 


. 60 
. 048 


75 

085 


90 

1-3 


98 

2-0 


99 

2-3 


99-9 

3-3 
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For 100 («wivalon« point). pH = 7*0. the neutral point, e^ the acid 

and baae are strong. For * greeter Uian 100 the solution le alkaline. L.g. 

with a!*100'l. [OH']*0-1/200 I«60« 10-*j pOH*3'3 and pH- 

14.0 - 3*3 = 10 7. since (H*] (OH') at ia lO-'*. There le a very sudden 
rise in pH as* changes from OO-Oto lOOI. and many suitable indicetore may 

be chosen in the range 3*3 to 10*7. 

The second part of the curve is calculated from the values : 


j .100 1 100*5 101 1 10 150 200 

pH . 10*7 11*4 1 1*7 12*7 13*3 13*5 

Similar curves may be plotted for 0* I W and 0*0 IN solutions, when it will 
be found that the rising part is shorter and lienee tliere is less choice of 



indicaton. Curves for (hlN solutions are ^wn in Fig. )70. In this case 
[H* ] s 0* 1 ( 100 > 2 )/( 100 *f s) for s < 1 00 and (OU') s 0* 1 (x « 100 ) /< 1 00 4- X) for 
x> 1Q0» and it is clear that the pH values are found by adding unity ( - log 
0*1) to the pH values of N soluUoiks given above for x< 100. and subtracting 
unity for values of x> 100. The reeulting curve is II in Fig. 170. 

(3) W^k oeid and Hrong bnse.^For the titration of 1 00 mJ. of 0* 1 N acetic 
acid with x ml. of 0* IN NaOU we Snd pH for the equivalence point (x» 100) 
by equation (11) with 1*82 x 10~* and 0^0 05 : 

pH » Ip/C* + + J log o » 7 *f 2*3? *► i( - I *3) a 8*72. 

For other values of x equation (18) gives : 

pH a pK^ ♦ log ts^tMacid] ( 18 ) 

The pH is found from (I) : 


(H*) [AolftHAclaCH p/0-1 a 1*82 x 10-« ; 


1 = k/i .ee w i/s~4 — 1 .ec ^ i n.a . 
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When X ml. of 0*hV alkali aro added, (salt] x 0« 1/(100 +x). and 


(CQA? 


(acid) s ( 100 - 1) X 0* 1 /( 100 + x), 

from which pH is found from (18). Tlie values are plotted as curve III (Fig. 
170). For X > 100 it may be a^umed that the excess of alkali represses the 
hyclrol^'sis of the salt, and this part of the curve thus coincides with that of 
case {!), vis. the alkaline side of curve II. 


z ’ 0 10 25 50 00 99 99 9 100 

pH - 2 S7 3-8 4-3 4-7 5-7 6-7 7-7 8 87 


The curves fora weak base and a strong acid (e.g. NH^OH. s 1-8 x I0*^ 
ancl HCl) shown in fV, and for a w’cak acid and a weak baso (e.^. acotic acid 
and ammonia) showm in HI. are const ructe<l in a similar way. 

Poljbasie acids have separate dissociation constants for each stage of 
ionisation, e.g. phosphoric acUl (tribasic) has at 25* : 


(H)' (H,PO*‘J'(H,PO*]=>f»=7‘5 X 10-», 

(H ) (HPO/') (H,PO/) = /f, = S'2 X lO-*, 

(H J (PO/"J (HPO/'Ja/C,=*l l X 

In such coses the titration curve is formed by superposing the curves 
plotted for each dissociation separately, provided the ciissociation constants 
are well separated, since each stage of dissociation <loes not become appreci* 

able until the preceding stage is 
practically complete. 

The curve is shown in Fig. 
171, and it is Heen that the end- 
points for the first two stages, 
KH,PO. an<l K.HPO,, may be 
found with suitable indicatocs, 
but not the third stage (KaPOi), 
when the liquid is strongly nlks- 
line. Tho correct en<l-point for 
KHjPO, (or NaH,PO») is when 
a httle orongo colour remains 
Fio . 171, — Ti tr»t ion curve for phosphoric methyl orange, bu t tho next 

" • * Imp of O' I A’ alkal i ( not counted ) 

gives A i)ftle yellow ; the end-point for Kh,HPO* is when tho lost drop 
<counte*l) of O'lN alkali gives a full red colour with phenol plithalein. 



Strong electrolytes. — The law of mass action does not apply to strong 
electrolytes, w'hich are considered to be completely ionised in dilute 
solutions. In more concentrated solutions ion pairs arc formed, but 
these arc not true covalent molecules like those of weak elect roly tes. 
Hence an equation similar to (1) dues not apply to, say, potassium 
chloride, as the following figures ehow, « being assumed to be given by 


A/A« : 

e- 1/V mols perlit. • 10 * 

• - - 0-D94 


10 “* 1 

0-862 0-757 

0-55 2-36 


io-» 

0-980 

U-04K 
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STRONG ELECJTROLYTES 

It U now beUeved that . - 1 throughout and K has no meaning, since 

tt is not now eiven by A/A« (p. 229). . - i . *u* 

G N Uwis introduced the useful idea of the adtvily of a solute, this 

being a quantity a which plays the same part as the concentration c 
in ideal solutions (obeying the gas laws) and is equal to e at infinite 
dUution. Thus for a strong electrolyte giving two univalent ions , 
MA -M- + A' we may define the activities by the equation ; 

(21) 


where a+, o. are the activities of the ions, a the meon octmty of the 
electrolyte. The ratio o/e i» caUed the a«i«i<y coefficient f : 

alc-f. (22) 

which varies with the concentration of the ions ; at infinite dilution the 
valus of / is unity. Hence : 

(/*c*)(/-c.)-(/c)« (23) 

where / is the activity coefficient of the electrolyte of concentra- 
Uon c. 


The setivity coef5ciente of the ions depend on the tdal ion concentration, 
including ions of other selU present. For s solid Sdlt in equilibrium with its 
uturaUd solution, the setivity of the dissolved ssU Is constant at a given 
temperature, but It is found that the solubility e increases if another salt 
having no ions in common with the first is present in solution. Since /c is 
constant it follows that / roust vary. Debye and Hiiokel in 1923 showed 
that the aoUvity ooeftcieot of a given salt (electrolyte) In very dilute solu* 

tion in water at 25* is given by : 

« 

log/a9'5s^s.*^» (24) 


where / is the ionic strtngth : 

/-jrcA** W 

and depends on the concentrations c^ and valencies S| of all the ions in 
solution. In (24) > 4 . snd s. are the valencies of the ions of the given salt 
with proper signs (S 4 .s. is negative). 

For a completely ionised electrolyte giving uzkivalent ions : 

the total concentration ; 

/*i2:^**l(c* + cjs*i(2c)»c. 


t4. the ionic strength is equal to the total concentration. Hence the activity 
ooeffioient of 0*01N KCl at 25* is given by : 


log/=Ofe+»_^ 
s .0-5-/0 01 
s . 1 + 0*96 : 

/«ant4log(T'95)« 0*891. 
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For completely lonbed barium chloride in 0*01 molar solution at 25^ 
(Be'’ + 2Cn. c+ = c, c. = 2c, a* = 2. *.*-1; 

l)*2c) = 3e»00S, 

V7*0173. 

/. Iog/=0*5e^«.^/js0‘5»2x(- 1)«0173 i5= - 0'173 
sT-827. 

/= antilog 1*327 = 0 67. 

Solubility product. — In a very dilute solution of a strong electrolyte 
BA in pure water the substance is assumed to be completely ionised: 
BA*B*+A', and If b the solubility of BA in gm. mol. per litre, 

^ equal to each separate ion concentration. 
The tonb conceniralUnt product b : 

(25) 

where K, b called the $clubUity product ; for any solute and solvent it 
depends on the temperature. 

If another electrolyte CA, having an ion A in common with the ^t, 
b added to the saturated solution of BA, the solubilUy product principU 
states that the ionic concentration product of BA still has the same 
value : 

(B')x[A']-[B],x[A']o-5,* (26) 

Since [A'] has increased. [B*] must have decreased, and the only way 
in which this can have happened b by some BA going out of solution. 
Hence the solubility of BA has been reduced to S, less than Since 
the values of (A'J and ^^are known, the value of [B*] may be calculated, 
and as [B*] b equal to the total concentration S of completely ionbed 
BA> the value of iS can be calculated. 

For an electrolyte giving p positive ions and q negative ions, 
the solubility product b : 

[B]» x(A']«- const. - 

If to a saturated solution of silver acetate, (o) concentrated silver 
nitrate, (b) saturated sodium acetate, solutions are added, then in both 
cases silver acetate is precipitated. 


Some values of the solubility prod\iot for sparingly soluble electrolytes at 
25^ are given below. 


[Ag*] (CI'J 
[Ag ] (Br') 
(Ag*](n 
[Ca-] [con 
[Ca"] [SO*''] 


1*2 X 10'” 

3*6 X 10->* 
17 « 10-w 
7-2 » 10-* 
2-3 X l0-< 


[CajlCA') 
[Ba)lSO*"J 
[Cu*l [11 
[Pb 'l [CrO*"l 
[Pb 'l [SO*"] 


3-8 « lO-' 
1.2x IO-‘* 
2*6 X 10-” 

1- 8 X l0->« 

2- 3x 10“* 


xix] 

[To- ] (S"l 
IZn- ] [S") 
[Pb"][S") 
CHg-lCS"] 


SOLUBILITY PRODUCT 

1.4-10-» (P4-)10H7 

1.6«iO-» [F«-]tOHT 

lOx 10'** [Mg'JlOH'f 

6 0 10-** lOH'P 

4 0* 10“« (Nr j[OH'f 
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16 * 10 '*< 
1-1 * io-»* 

25 * 10 -*» 
40 * 10 -** 
g«7 * 10-** 


EXAUPLB 1.— CaJcuUt* th© «rfubiUty of silver chloride et 25 if ^h® 
bility product is 1-2 « 10-“. Sines the solubility is sr^U thss.lvor cWondo 
is sln^oropletely ionised, hence if the solubility is S gm. mols. per lit. 


[Ag-l=ia']=Si 


S‘ = K. 


5*^/Ar,=*Vl‘2* 10^* 1095 * 10 -* gm. moU. per lit. 

ExASipii 2.-Solid silver chloride is shaken with 1 lit. of ^ium eh^ride 
solution containing 3 gm. of the salt. If the solubility p^uct of A^l at 
the temperature of ths experiment is 9 x IO->' end the NaCt is completely 
ioruMd, how many gm. of AgCl will diaaolvot 


3 gm. of NaCI » S/5S-5 »5 I3 * I0-* gm. moU. ; 

[Cn from Naa» 6*13 x 10-* gm- mola./lit. 

Let * gm. moU. of AgCl diaaolve. Thto forma * gm. mob. of Ag* 
aince it b aaaumed completely ioniaed. Hence in the aolution [Ag )-* 
and [CT] *5-13 *10-* + *; *(x+ 613 * 10-*)» /f.«9 » 10’**. Smw 

r* maybe neglected in company with 5*13 * 10- x»9 « 10 » 
xs 1.76 X 10-*gm. mob.Ait., or 

l‘75x 10-*x 143*38* 2 5 X 10-* gm./lit, 


In very dilute aoluUonx the solubility product principle gives satia- 
factory reaulta»aa b eeen from the following figuroa (concentrationa in 
gm. mob. per litre) for ailver nitrite. 


Cone, of AgKO» 
orRNO, 

SolublNty of AgNOi in preaanee of 

Solubility 
j calcd. 

AgKO» 

1 KNO|. 

0 

00269 

00269 ' 

00269 

0 00268 

00200 

0*0269 

0-0257 

0.00588 

0*0244 

0 0249 

00241 

002366 

00192 

<H)203 

00176 


In aucb dilute aolutions the activity coefBciente are practically unity, 
dO that the principle (which holds strictly only for adivitw) will hold 
very closely for concentxaUona : 

a+s aj . c^e f t ^ c_« • const. 


PiedpiiaticiL of sulphides. — An important implication of the solubility 
product prindple b in the pndpiUUicn of wlpkidts of iruUsla in quali- 
tative aaalysb. 
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A saturated solution of hydrogen sulphide at 25^ is about 0*1 molar. The 
first and second dissociation constants (p. 310) are : 

[H ] [HS')/[H,S] = 9 l K 10'* and [H*) (S"]/(HS'l«l«2x 

With [H,S]»01 and [H']a[HS'] (neglecting the very sroall ionisation of 
HS'). 

[H ] = [HS'J = Nf91 * 10-** 01 *9*5 X lO'S 
hence [S"]a 1*2 x 10'“ x $ 5 x $ * 10*** 1*2 x 10-'*. 


In 0*25 molar HCl (assumed completely dissociated) the solubility of H,S is 
approximately the same as in water, but tlie ion concentrations are much 
reduced. We now have [H*]sb 0*25, 

(HS']s91 X 10-*[HtS)/[H*)s9*l X 10-*x01/0*26s3*Sx 10-* 


and [S"]= l*2x 10-»*[HS']/(H*]a 1-2 * IO-»*x 3'6« 10-*/0'25* 1*7 x lO*”. 


The solubility product of ZnS is 1*0 * 10** ; in 0* 1 molar eolution of a 
zinc salt (assumed completely ionised) in a saturated solution of liydrogen 
sulphide in water [Zn*') * (S")s01 * 1-2 * 10*”^ 1*2 * 10-“. This is 
greater than the solubility product, hence some ZnS is precipitate<l. The 
precipitation is incomplete, becaiise the hydrogen ions formed by the re* 
action Zn*’ H(SBZnS + 2H* accumulate in the solution and reduce the 
value of the sulphide ion concentration [S") by mass action to a value lower 
than corresponds «*ith the solubility pr^uct [Zn '] x [S^Js 1*0 x 10**. 
In a solution of H|S in 0*23 molar HCl, the sulphide ion concentration is 
[S"]s 1*7 X 10-*, and if the solution is molar in sine ion concentration* 

(Zn"]* IS")*01 * 17 X 10'”» 1*7 X 10-”, 


which is below the solubility product value, and hence zinc sulphide is not 
precipitated. 

The solubility products of CuS, HgS, PbS, and OIS are all much 
smaller than 10"**, hence these are precipitated in the acid solution. 
If sodium acetate is added, or if ammonium sulphide in alkaline solution 
is used as a precipitant, the value of (H*) is kept low, hence (S"] in- 
creases and the solubility products of ZnS. MnS. etc., are exceeded, and 
these sulphides are precipitated. 

The solubilitt/ of metal su/pftidea, etc. in acids may be explained on 
similar grounds. 

A trace of sulphide is soluble in water and ionises, e^. FeSaFe * + S", 
and ita sulphide ion S" combines with the hydrogen ions of the acid to form 
the weakly ionised hydrogen sulphide : S"*r 2H' wH,S. 
phide dissolves. If it is one of the more soluble sulphides (ZnS. MoS, r eaj 
its solubility product is not exceeded even in acUl saturated with 
(ffivinir the maximum S" ion concentration), so tliat hyilrogen sulphide gas 
wcopos and tho sulphide diasolvee as long as acid is excoas- 

Witli very slightly soluble sulphides (PbS. CuS. HgS) tiie w>«bd*ty pcoduct 
is excoe^l before the solution is saturated with H,S. and the sulphide 
not dissolved. 
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COMPLEX IONS 


iri„g » ® ■ “uSfA “o.*'— :.Si. I 

^I'ui^it ifnot p«ci^;iuted by chlorides as liver chloride (aolubil^y 
4=01 IAe-1 kIC 1'1-1-2 * lO'*"), although it is precipitated 
?l1?vtt1fhii:^glrk‘a^Ubid« (solubility ^product of Ag,S. 
[Ag?x[S’']-i-exio-")- 

1„ the separation of copper and cadmium. hyd^«. sulphide is p^ 
into a «.lut^i. containing Cu(CN).'" «td Cd{CN)." m prseence of ^"“‘1 
excess of alkali cyanide. The cuprou4 ion concentration from tlie 

' Cu{CS),"'e*Cu-+-4CN' 


is too smell to exceed the solubUity product ^ Cu.S. but the cadmium ion 
concentration from the k** aUble CdlCN)*" : 

Cd(CN)r*‘Cd* + 4CN% 

it larso enough to exceed the solubility product of CdS and thi» it pre- 
cipitated (lee the fuU calcubtion in Partington and Stratton. JnUrmedutU 
Chtmical Caicul^tutm, Chap. XU). 

The diaeociation conatante of the complex lona are : 


fCul ICNT 

Cu(CN)rvCu-*4CN-. 

iCd**) [ON'P 

Cd(CN)re*Cd” + 4CN'. 


-5*0 X 10***. 
- 1-4 X 10-‘»s 


the firat complex ion being much more eUble than the second. 

Method* uied for the detection of complex ione and in come caeee the 
detennination of their formulae include : 

(1) Abnormal lofubiffner.— Silver cyanide diaaolveo in pota«jum cyanide 
aolution and the compoeilion of eaturation i* approximately AgCN : KCN, 
hence the complex ion ia probably AgfCNlt . 

(2) J>i*tnlnuum coe#rt>iU.— Ammonia ie extracted from water solution 
by chloroform, and from the compoeilion of the chlorofoim layer and the 
distribution coefiflcient (p. W) the NH, concentration in the water » found. 
Cupric hydroxide dieeolves in ammonia to form a deep blue solution, and 
from the distribution ratio with chlorofonn the concentration of /ree 
anunonia in the solution is calculated. The remainder is combined with 
the copper, and thence the composition of the complex ion is calculated 
asCulNHah 

($) The/reerin^-point <UpTtsawn gives the total number of particlea, ions 
and molecules, in a solution. On adding iodine to potassium iodide solu* 
Uon the freezing point is unchanged, bttioe the reaction is 

K’ + r-»-»J,»K+I(nI0'. 
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Method (2) shows that ns 1 and the ioo is I,'. Similarly the aluinmate 
ion id found to be AJO/ : AJ(OH)a + OH' s AlOt' ^ 2H,0. 

(4) Abnonnol transport numbers (p. 234) indicate the formation of complex 
anions from metal cations, e^. in concentrated Cdl, solution part of the 
cadmium travels to the o/iode> becaiise the ion Cdl 4 " is present. 

(3) ConduciivU^ cAon^es indicate the increase or decrease of the number 
of ions in solution and sometimes the formation of complex ions can be 
detected. 

(6) EUcir4>m0live jortt measurements will sometimes decide the formula 
of a complex ion ^ + rA~ by measurement of the metal ion con* 

centration [M-*] from electrode potentials <p. 7D9)» and variation of the 
concentration of the solution and of the concentration of a salt with a 
common ion A*. This method has been used with complex cyanides. 


CHAPTER XX 
THE HALOGENS 


The elements fluorine, chlorine, bromine, and iodine form a group 
called the hilo jen eUmeats or halogett (from the Greek haU , salt) . Ch )ori ne 
and ita compounds hare been dealt with ; In the present chapter the 
other three halogens are described, fluorine (although It has the sraaQest 
atomic weight) last, since it differs in many ways from the other clemenU 
of the group. At the ordinary Umperature fluorine and chlorine are 
gases, bromine a liquid, and iodine a solid. 

Bbokikb 

Bromine was discovered by Balard in 1826 (published in 1826) 

in the residues from the manufacture of salt from sea water. These liquors 
are known as 6t«em and contain magncaiufn bromide MgBr,. When tfeat«<i 
with chlorine a yellow colour is produced due to Liberation of free bromine : 

UgBr, *Ot~ MgClf * Br,. 

Bromine was recognised as an element of the same character as chlorine and 
its discovery was further evidence in favour of the elementary nature of the 
latter. The free element is a dark -red heavy liquid giving a red vapotir with 
a most irritating odour, hmce ita name (from the Greek, bromos, a stmch). 

Occurrence. Bromine occurs In the rare mineral brcmarg^riU AgBr. 

Magnesium and alkali metal bromides occur in sea water, in some 
mineral springs, in tht Dead Sea and the Great Salt Lake (Utah), and in 
the Stassfurt s^t deposits. Most of the bromine made commercially 
is now obtained from sea water : average sea* water contains 0*015 per 
cent of bromine, but the Dead Sea and the Great Salt Lake of Utah 
contain considerable quantities of bromides, traces of which also occur 
in the Northwich brine. Bromine in combination is found in sea 
animals and plants ; the ancient Tyriaa purple, obtained from a shell* 
fish, consists of a dibromo>indigo. 

Prepwation. — Bromine can obtained in the laboratory by heating 
potassium bromide with diluted sulphuric acid and manganese dioxide 
in a retort : 

2E£r *i*MnO, -h SHcSO^ » Brt ••• 2 KHSO 4 + Mn50« + 2H,0. 

2*5 gm. of powdered KBr, mixed with 7 gm. of MnOt, are distilled in a 
retort with 15 ml. of HcSO« mixed with 90 ml. of water, The red bromine 
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vapour is condensoU in a Uttla watar in the receiver. A red solution of 
bromine (6rorn(ne tracer) is fonned. anU a little nearly black liquid bromine 
settles out. The vapoxir acts violently on the mucous merobraneSi so that 
experiments wit!) bromine should be carried out in a good draught. It also 
corrodes cork and indiarubber. The liquid should be kept in a welU 

stoppered bottle. It corrodes the skin, which 
sixould at once be washed with petroleum if 
it comes in contact with bromine. The vapour 
attacks the eyes powerfully and the element 
is poisonous. 

Bromine is prepared technically from the 
Stassfurt or other bromides by passing chlorine 
and steam into the solution in a tower 
packed with pieces of porcelain (Fig. 172) i 

MgBri + Clj - MgClt Br,. 

The bromine vapour is condensed by cooling 
and any passing on is caught by passing 
through moist iron hlings, when a solution of 
iron bromide is formed, whici) is used in the 
preparation of potassium bromide (p. 323). 

Bromine is extracted in America (Wilmington 
K.C.. etc.) from sea water, which is acidified 
and chlorinated. The bromine vapour blown 
out by a current of air is Al>eorbed in alkali 
atul a mixture of bromaie and bromide is formwl : 

3Br,*tiNaOH -NaBrO, • 5KaBr4 3H,0. 

'Phis is acitlihod, when bromoxe is Iiborale<l : 

NaBrO» + 5NaBr * 3H^SO. - 3Na,SO, 4 3Br, ^ 3H,0. 

To obtain I lb. of bromine 1800 gallons of sea w ater are trealo<l. Most of 
the bromino is used in making ethylene dibromide Br, = t 

for •• ethvl petrol containing Iwwl tetraethyl. Some is used in making 
dves inVld extraction, and in making bromides for modicmol ii». 
Br^;ine b iise<l to some extent as a disinfei-tant, 
of diatomic brick : the product (75 |«?r cent Hr,) is called sofrd bronnne. 

Bromine may be purified by careful distillation. Clilorinc is removed 
by distiUation over potassium bromide : 

2KBr4a,»2KCl4Br2. 

removed as a precipitate of cuprous iodide by adding a 
iolution of copper sulphate and sodium sulphite to a solution of impure 

alkali bromide : 

2CuS0. + Na,SO, + 2KI + H,0 = Na,SO. ^ H,SO, . 2Cul + K^O.. 


Kio. J 7 2. —Technical pre- 
paration of bromine 
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Scotfe preparation of pura hydrobroinic arid (p. 322) ia a good method 

of obtaining a pure broraino compound- .a r.f 

Prooer^s.— Bromine is a dark red (idraost black) liquid of g 
deLt^ <3188 at 0” and 3-118 at 20«). «hici. at 
evolves a red poisonous vapour of most irritating odour. It f^ ?.» to a 
darkredBoUdlm.pt. -7-3° ; at -252* this isorangc ; ^ 

is 58-80”. The vapour density at 228” corresponds with the formula 
Br. At 1050* 6*3 per cent diwociation into atom^ occurs : Hr^^-iir. 
The sUbilitv of the liabgen molecule decreases from chlontic to iodine . 
Cl, is 0 0025 per cent, Br,0 3 per cent, and I, *2-88 per cent cUwjociated 

at 1000® abs. and 1 atm- pressure. ^ . t_ - 1 

Bromine combines directly with many elements forming bwmidcs, 
The reactions are usuaUy more rigorous than those betu-cen the same 
elements and chlorine but the bromine is in the liquid state, i.t. 
more highly concentrated. 


Five ml of bromine are pouroil into a teat-gloKs standing insiile a bell ‘jar 
over a draught hole in the bench. The lop of the jer is cloeed by a glass 
plate. A fmoH piece of while phoephorus thrown into the liquid catwee on 
explosion and is projeclwl from the liqukl. Rod phoephorus burns quietly 
with a dull red flame forming yellow fumca of the ponlabromi<le PUr*. 
Powdered areenic bums with a teddisJi- while flame, fortning fiunes of 
AsBr,. A tmQll piece of potaeeium combinee explosively forming KBr. 
Sodium doee not combine u’ilh bromine unlesa heated to 230* in the vapour, 
or when water is added. 


Bromine vapour bleaches moist litmus paper, but more slowly than 
chloflno. Starch'paste is coloured orange-yellow by bromine. In 
water, 3*6 parts oi bromine dissolve in ICW at 20* ; the solubility de- 
creases with rise of temperature. The red solution loses bromine on 
exposure to air. The freesing point shows that the bromine molecule 
in solution is Br,. Bromine tvater is stable in the dnrk but decomposes 
in bright sunlight : 2Br, + 2H,0 - 4HBr + 0,. If saturated bromine 
water is cooled in a freezing mixture in presence of bromine, red solid 
bremiDS hydrate Br«,8H,0 separates. This decomposes at 6'2® into 
bromine water and bromine. 

Chloroform, benzene, and carbon disulphide extract bromine from 
its solution in water, forming orange-red liquids. 


Add a little chlorine water to a solution of KBr and shake with chloro- 
form . The latter separatee, containing moat of the bromine as a red solution . 
Shake this with s^ium hydroxide soluUon. The chloroform becomes 
colourless and the aqueous layer con taina sodium bromide an<l hypobromite : 

Br, -I- 2KaOH « NaBr + NaOBr H,0. 


Eydrogea bromide. — Bromine vapour combines with hydrogen when 
the mixture is passed over heated platinum : H. •i-Br,w‘2HBr. The 
combination is not attended with explosion (as in the case of hydrogen 
and chlorine) and does not begin in the absence of a catalyst, even in 
bright sunlight, below 300®. In presence of platinum, combination 
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bejrin^< at 200^. The heat of fomation of HBr from gaseous Br^ is only 
11 k. cal. per gm. mol. as compared with 22 k. cal. with HCl. 


P\ire dry hydrogen is passed slowly tlirough dry bromine in a bubbler, at 
35^-40^, wlien a mixture of hydrogen and bromine vapour is formed. This 
is {)asse<l through a hard gloss tube containing platinised asbestos. Wlien 
the air is <lis|>laced. the tube is heated to about 200 , when reaction proceeds, 
usually without further heating. To remove unconverted bromine vapour 
(present only when a rapid stream of gas is usetl) the gas is passed through a 
tube packed with solUl ferrous bromide, and it is then j)assed through one 
or more tubes containing fused calcium bromi<ie in order to <lry it. If pure 
hydrogen bromide is re<{uired the gas is condefued by cooling in U<^uid air, 
when the excess of hydrogen passes <wi and solid hydrogen bromide is ob* 
t uined. Th is process ( a mo<hhcati<>n of that used by Box ter, 1 03 1 ) is superior 
to the use of an electrically heated platinum spiral. Phosphorus pentoxide 
reacts slowbj with hydrogen bromide, some POBfj being forme<l : 

2P,0»+ 3HBr»POBr, + 3HPO,. 

Calcitim chloride is a sotisfaclory drying agent for most purposes. 

Hydrogen bromide is usually pro|>afod by dropping bromine on a 
mixture of red phosphorus and water. Phosphorus tri bromide and 
penlabromidc are probably first formed, and at once decomposed by 
water : + 3H,0 - H,PO, {phosphorous acid) + 3HBr, 

PBri + 4H,0 - HjTO* (phosphoric acid) + 5HBr. 

Twenty gin. of ral phosphorus an<l 40 ml. of water aro place<l in a flask, 
und 40 ml. of bromine are added drop t»y drop from a tup funnel (Fig. 173). 



TU. cn. » on«c3 tUrougli a U-tub. I.Kaely r.II<Hl with broken gifts, ftmenro-l 

with^raoisrUl pb<B<I>h»'-'‘a. This roinovra nnebangod 

The aclditi-n of the liret fow .Iro,» ..f broroU.e ‘it uTe^m 

;:::::o:ntTn ft .Uy co'.-or<.l wi,,. « ^rr,.r..cd glues or ourdhour.. 
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dial It may b« collected ov« mercury. The gee fumm etrongly in moiet 
air and (like HCI and HI) hea an irritating acid amell. u_ 

Hydrogen bromide may be obtained by the action of bromine on b^rme 
in pr«n^of aluminium : C.H. + 2Br. = C.H.Br, (dibromobenrene) + 2H Br. 

The method of heaUng a aalt with concentrated sulphuric acid wl.icli 
was used for the preparation of hydrochloric acid is not suitable for the 
preparation of hyd^^romic add. This U first liberated but (unlike 
h^chloric acid) it can act as a reducing agent. It reduces the hot 
concentrated sulphuric acid to sulphur dioxide and the hydrobromic 
ftcid evolved is mixed with sulphur dioxide and bromine vapour : 

KBr+H^O4-KHS0* + HBr 

2HBr + H^04 -2H,0 + SO, Br,. 

When syrupy phosphoric acid is heated with the bromide, however, 
only hydrobromic acid is evolved : 

H5PO4 + 2NaBr - NajHPO^ + 2HBr. 

The physical properties of hydrogen bromide are as follo^ve : 


Melting point -86'9*. Normal denwty 3-544 gm. oer lit. 

Boiling point - e6-7*. Density of liquid at b. pt. 2-160. 

Critical temperature -i-SS S*. 


Hydrogen bromide is decomposed when passed over heated platinum 
and a state of equilibrium is set up t 2HBr# H, + Br,. An excess of 
hydrogen is us^ in preparing hydrogen bromide {see above), when 
combination is nearly complete. 

The thermal dissociation of hydrogen bromide is given below, m 
percentages. The dissociation of byd^en bromide by heat is greater 
than that of hydrogen chloride but less than that of hydrogen iodide- 

727 IIOS 1220 

per cent decomp. of HBr • 0*18 0*84 I- 16 

The compMilion of hydrogtn bromuU may be demonstrated by the 
action of sodium amalgam on the gas, as with hydrogen chloride (p. 212). 
Half the volume of hvdrogcn remains, hence the hydrogen bromide 
molecule contains half a molecule or one atom of hydrogen and the 
formula is HBr,. The density shows that the molecular weight is 81, 
hence one atom of bromine {Br *80) U present and the formula is HBr. 

Hydrogen bromide is very soluble in water ; 1 vol. of water dissolves 
600 Tols. of the gas at 0^. The solution is a strong acid : HBr^ H* + Br' . 
Concentrated hydrobromic arid fumes in moist air. On distillation it 
forms an acid of maximum boiling point, the composition varying with 
the pressure ; it is not a definite hydr^. The boiling point under 
760 mm. is 126^ (47*5 per cent HBr). under 1952 mm. it is 153^ (46*3 
per cent HBr), The solution saturated at 0^ contains 69, that at 25^, 
66 per cent of HBr. 


If 0*2 gm. of stannous chloride and 3'4 ml. of sulphuric acid are added to 
26 mi. of a solution of 16 gm. of KBr the mixture distilled, a solution of 
hydrobromic arid &ee bromine la obtained. 
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Aqueous bydrobromic acid luay be prepared by passing the gas into 
water through an ineerted retort, as shown in Fig. 174. If liquid is 
driyen back, it coUects in the bulb of the retort. 


A solution of the acid is also prepared by passing hydrogen sulphide 
or sulphur dioxide into bromine covered with a layer of water. The 

second method gives almost pure bydrobromic 
acid (Scott, 1900) 

Br, + H^*2HBr+S 
SO, 4 Br, ^ 2H,0^ H,SO, + 2HBr. 

Three hundred and fifty ml. of bromine are 
covered with 2 litres of water in a flask, and a 
current of SO, from a siphon of liquid passed into 
the water, through a tube ending lust above the 
surface of the bromine, until the whole is con- 
verted into a pale* yellow Itomogonoous liquid, 
Fio. 174.— Preparaeiori which is distilled. The liquid is redistilled over 
of aqueous hydrobromic Ballf) to remove sulphuric acid carried over in 
acid. the first distillation. 



The solid hydrates HBr,2H.O, m. pt- -11-2% HBr,3H,0, m. pt. 
- 47*5% and HBr.4H,0, m. pt. - are formed on cooling very con- 
centrated solutions. 

Aqueous hydrobromic acid is slowly decomposed by oxygen Jn JJ*n* 
light, becoming yellow from liberation of bromine : 4HBf + 0,*2H,0 
*► "^Brs A mixture of dry hydrogen bromide gaa and oxygen is not <le* 
composed on exposure to light. The gas or solution is decomposed by 

2HBr.Cl,-2HCUBr,. 

Bromid**.— Hydrobromic ncid solution dissolves zinc, iron, and many 
otlicr metals (copper in a hot concentrated solution) with evolution ol 
hydrogen, forming bromides, which may also be obtained by neutral- 
ising the acid with oxides, hydroxides, or carbonates, and by the direct 
union of metals with bromine. 

The alkali bromides are obtained by dissolving bromme in a solution 
of alkali : ^ ^ ^ 

evaporating, and heating strongly to decompose the bromate. The 
residue on evaporation may be mixed witli powdered charcoal and 
heated, when the bromate is reduced at a lower temperature : 

2KBr05»2KBr + 30, 

KBfOj + SC-KBr^SCO. 

The mass is warmed with water, filtered from excess of charcoal, and 
bromine on cooled ammonia solution : 

3Br, SNH. = 6XH.Br + N,. 
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In the manufacture of bromine, a solution of fer^us 

bromides is obtained (p. 318). When this is mixed with a 

potassium carbonalc.»precipiUUofhydratcdfcr«)»fcrricoxiacH.ieh 

is easily filtered) and a solution of j)Otassinm broraxde arc h.rmctl . 
2FeBrj + FcBr, + 4KjCO, - 8 KBr + FojO* + 4 CO 4 . 

Nearly ail bromides are soluble in water, but silver, lead, cuprous, and 
mercurous bromides only very sparingly. Silver nitrate solution gives a 
yellowish- white precipitate of AgBr. insoluble m di utc nitric acid and 
sparingly soluble in dilute ammonia (c/. AgCl and Agl). 
nWate gives a reddish-brown precipitalc of jkalladous bromide FdBr,. 
The formation of free bromine, soluble in chloroform with a rod colour, 
bv the action of chlorine water, and the formation of^ bromine vapour 
when the substance U hcate<l with linOt and arc also charac- 
teristic reactions. , , .. . . 

Oxides of bromine.— BrjO is said to be formed in small amounts by 
passing bromine vapour over precipitated mercuric oxide (cf. C1,0)- 
An oxide BrOj is formed as a white cr.vstallinc solid by thc^aetion of 
pure (100 per cent) ozone on purifiwl bromine va^wur at -fi to -i - 10 
under low pressure tSchuinaehcr and Lewis. 10^1). It 
modifications with a tra nation iwint at -35®. The oxide BrO, is 
stable at - 80®, but unless the materials for its preparation arc very pure 
and the apparatus very clean, an explosion results. Another oxide BrO^ 
is said to be formed as a yellow solid, stable below 0®. by the action of an 
electric discharge on a mixture of bromine vapour and excess of oxygon 
in a strongly cooled tube (Schwarz anti Schumacher, 1937). 

Hypobromous acid.— By shaking bromine water with precipitated 
mercuric oxide a solution of hypobromous acid and an insoluble 
oxy bromide of mercury arc form^ : 

2Br,-i-2HgO + H,0-2HOBr + HgBr,. HgO. 

By adding more bromine and mercuric oxide, a aolution containing 
5 per cent of HOBr may be obtained, which may be distilled in a 
vacuum at 40*. It is a slraw-j'cllow liquid, decomposing when licatcd 
with production of bromine and bromic acid, and is a jiowerful oxidising 
and bleaching agent. 

A solution of hypobromous acid is formed by the action of bromine 
on concentrated silver nitrate solution and distillation : 

Br, -I- AgNO, -I- H,0 * HOBr HNOj + AgBr. 

If bromine U dissolved in excess of cold alkali hydroxide solution, an 
unstable bjpot^omits is formed : Br, •*- 2NaOH «NaBr •I’NaOBr -v H^O. 
These are used as oxidising agents and in tbe estimation of hydrogen 
peroxide and of urea. On keeping, the solutions dccomposo with 
formation of bromide and bromatei 3NaOBr«2NaBr -fNaBrO^. 
Brora ine vapour U absorbed by dry slaked Lime, forming a red powder 
similar to bleaching powder. This, when distilled with dilute nitric 
acid, gives a solution of hypobromous acid. 

Bromous acid HBrOa is unknown, but teomites are formed in solution by 
tbe spontaneous decompoaitioa of hypobromites : 2BrO' = BrO/ -i-Br'. 
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They rapidly decomprsae : 3BrO/ = 2BrO/ + Br'. Bromites only slowly 
decompose urea, ammonia, or phenol (distinction from hypobromites). but 
oxidise arsenitos to arsenates (distinction from bromates). 


Bromic acid. — When bromine in slight excess is dissolved in hot 
coticcntrated alkali hydroxide solution, a bromate and bromide are 
formed : 

36r, + 6KOH » KBrO, -i- oKBr + 3H,0. 

Potassium bromale is much less soluble than the bromide and separates 
in crystals on cooling, as in the case of the chlorate. Potassium bromate 
also separates when bromine vapour is passed into a solution 
of potassium carbonate which has been saturated with clilorine : 
6KOCI + Brj-2KBr05 + 4KCl+at. 

Potassium bromate is formed by passing chlorine into an alkaline 
bromide solution ; KBr + 6KOH + 3Clj ■ KBrOj + 6KCI + 3HgO. 

When silver nitrate is added to a solution of potassium bromate 
wfnte silver brotnate AgBrO, is precipitated. When this is shaken u'ith 
bromine water, insoluble silver bromide is formed and the filtered 
solution contains bromk acid: 

SAgBrO, + 3Br, +3H20-5AgBr + OHBrOa. 

By evaporation on a water* bath a 5 per cent solution, an<l by con- 
centration in a vacuum desiccator a colourless 50 per cent solution, 
may be obtained, but more concentrated solutions evolve bromine and 
oxveen : 

4HBr03-2Br,.K50, + 2H,0. 


Bromic acid is a powerful oxidising agent : 

2HBrOa 4- 5SO, + 4H,0 * Br, 

2 HBr 05 5H,i> - Br, + GH,0 + 5S 
HBrO, -f 5HBr - 3Br, -i- 3U,0. 

BshuB brwnste Ba(BrO,), is precipitated when bromine is added 
In sliglit excess to hot concentrated baryU water : 

6Br, + CBa(OH), ** Ba(Br 05 ), + SBaBr, + 6H,0. 

The bromide is soluble and remains in solution. If barium bromate is 
digestcil witli dilute sulphuric acid, and the excess removed by baryta 
water the filtered solution conuins bromic acid. 

Bromates arc usually 8|>aringly soluble. On heating they decompose . 
per bromates are not formed and are not known : 

1 KHrO,. HgdBrO,),. and AgBrO,. give bromide + oxygen . 

2 Mg(BrOd,. ZitiBrOdi. Al(BrO,i,. give oxide bromine -I- oxygen , 

3. PWUrO,), and Cu(BrO,), give oxide and bromide- 

A mixture of NaBfO, + 5NaBr i» prepared by saturating concentret^ 
ftoclium hydroxide solution with bromioo, and draining the deputed 
To Hi««c suilicient SaHrO,, ,,rop«re.i by eleotrolytio oxidation 
rrClir is r.ldTto fonn NaliK). * 2NaBr, and tha is usod under 

the name of bromine loU in exlrnetioQ of gold. 
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BromiDe chJoride.— Chlorine merely diseolvee in liquid bromine and no 
compound has been obtained in the pure state, although BrCl appears from 
spectroscopic evidence to exist to some extent in a mixture of chlorine and 
bromine vapour. 


lODlNB 


History Iodine was discovered by Courtois in IBU in the mother liquor 

from the manufacture of soda from kelp (burnt seaweed), but was first care- 
fully invsetigated by Davy and by Gay-Lussac in 1813. They recognised 
that it waa an element similar to chlorine- It was celled iodine from the 
violet colour of the vapour (Gre^. toeufes. violet). 

Occurrence. — Iodides occur rather rarely as iodargyrite (silver iodide), 
in some magnesian limestones and dolomites, and in some lead ores. 
Iodides occur in some mineral waters (Woodhall Spa near Lincoln, 
Montpellier, Heilbrunn). (Free iodine is said to exist in the water of 
Woodhall Spa.) The salt brine from petroleum wells in Java contains 
about 1*35 gm. per litre of iodine as iodides. Tins is precipitated as 
cuprous iodide (p. 318), from which iodine is extracted. In California, 
a similar but weaker brine U worked for iodine. The iodine content of 
sea-water exists partly as organic compounds and partly as iodides or 
iodatee : it never exc^s 0*001 per cent and in the Atlantic is only 1 
part in 280 millions. Seaweeds and sponges absorb this iodine, partly 
in the form of organic compounds. 

Tropical sponges may contain as much as 10 par cent of iodine, whilst 
Turkey sponges contain about 0*2 per cant. The amount of iodine is greater 
in daep-sea weeds than in those growing near the shore. During storms, 
these weeds are tom up and cast ashore. They are known In Scotland as 
drift-wtids, or red wrades ; tha varieties Laminaria di^iiata an<l L. sfeuo* 
phytia alone are used in the preparation of iodine. 

Iodine occurs in oysters and many saa.animals. It is present in traces in 
cod .Liver oil as an organic compound, and occun as an organic compound 
thyroxine CnUuO^NL in the thyroid gland <^oee of the ray and dogfish 
contain I per cent of iodine). 

Another source of iodone is the alk&lj iodate (perhaps also some 
periodate) contained up to 0*2 jper cent as KalO^ in crude Chile nitre 
(coliefte). The mother*Uquors from the crystallisatiOD of the so^um 
nitrate contain about 3 gm. of iodine as iodate per litre. 

PreparaUon. — In the laboratory, iodine may be obtained by heating 
potassium or sodium iodide with diluted srJphurio acid and maDgaDcsc 
dioxide ; 

2KI -^ MnO, -hSHjSO^-Ij -K 2 KiiS 04 + MnS 04 + 2H,0. 

Heat 3*6 gm. of KI with 7 gm. of UnO| and 100 ml. of dilute H|80| 
(1 : 6) In a retort. , The violet vapour coudensee in the neck of the retort 
and in the receiver as gliUeruig black scales of solid iodine. 

In making iodine from aea-weed two processes are used. 

^ ^ one the weeds are burnt in ehsJlow |uU and the ash called kdp (tfortc 
in Normandy) conUins poUasium salts and frrwi 0-4 to 1-3 per cent of 
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iocUne as io(li<Jea. Formerly in Normandy. Spain, and Scotland the ash was 
used iri the manufacture of potash ; the technical preparation of iodine was 
begun by Dr. Ure at Glosgow and is also carried out In Norway and Japan. 
The kel]) is 1ixiviate<l with water in iron vats heated by steam and the 
solution concentrated in iron pans. Tlie alkali carbonates, chlorides and 
sulphates crystallise and the linal mother*li(iuor contains the very soluble 
sodium and potassium iudidce, wdth some bromides. It is mixed with sul- 
phuric acid, and the sulphur (from the decomposition of sulphides} allowed 
to settle. The clear lu|uor is run into iodine stills, consisting of iron pots 
w’ith domo*shape<l lead covers communicating with trains of earthenware 
receivers called udtlh or aludcU (Fig. 175). Klenganese dioxide is added 



FlO. 175. — The technical preparation of iodine. 


an<i iodine distils on heating, collecting in the udells. It is purified by 
sublimnliun in (Kwcolain |uins. About 12 lb. of iodmoare obtained per ton 
of kelp, representing about half that contained in the original scawoftl. 

Tn tho second process, use<l in Norway, a wet extraction of the weed with 
sodium carbonate solution is used, and on organic adhesive is precipitated 


on acidifying of the solution. 

In extracting itxiino from the California salt-brine, this is chlorina^d 
and the iodine blown out as va|iour in a current of air. The iodine 
vapour in absorbed in a sad ut ion of hydrogen iodide and sulphuric acid, 
which is circulated In absorWe*. I'hc free iodine in the solution is 
continuously reduced by adding su]])hur dioxide : 

Kal fCI,-NaCI + I, 

+ SO, -r L>H,0 « 2HI + HjSO^. 

Part of the solution is continuously withdrawn from circulation and the 
iodine precipitated from it by chlorine, filtered, melted under concentra- 
ted sulphuric acid and cast into blocks. It issultieiently pure for chenn- 
cal purposes, but for pharmaceutical uses ills purified by sublimation. 

The icHlirlo in tho clarifie<l brine may also be precipilatwl as silver lodido, 
which is decompose*! by iron into silver and ferrous iodide. Silver iodide is 
precipitatwl before the bromi<le or chloride. 

The preparation of iodine from the iodate in Chile nitre {caliche) 

'"Tllc'moU.cr^rq'lior (“ aqua rieja 

sodium hydrogen sulphite solution added. The iodine precipitated 
'"^TS^reactlon^h^ been variously represented; it involves tlic 
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reduction of iodatc to Iodine and the oxidation of the sulphite to sul- 
phate, e.ff. by the reaction : 

2NaI0a + SNaHSOj- SNaHSO* + 2 Na.S 04 + 1, + H^O, 
which occurs in stages. Tlie iodate is reduced to iodide by a ratlier slow 
reaction : 

(1) IO3 .h3HS03'-r +3HSO4'. 


The iodide reacts rapidly with iodate to form iodine : 

(2) IOj'+6r +6H *3l, + 3HjO. 

As long as any sulphite remains, Uie iodine is reduced to iodide by a 
very rapid reaction : 

(3) 1, 4 HSOa' + HtO = 21' + HSO*' -f 2H . 


Iodine appears only when all the free sulphurous acid i» used ufi, and 
the process shows a ptrioii of induction. Tliis is sliown in the following 
exporituent* due to Landolt. 


Dissolve 10 gm. of crystallised iodic acid in I litre of water. Saturate 
5 ml. of water with sulphur dioxide, and add to 1 litre of water. 30 ml. of 
iodic acid solution are added to 200 ml. of water and a little starch solution 
in a cylinder. 60 ml. of tl)e sulpliuroua acid ore clilutod w'itli 250 ml. of 
water and tlis solution poured into the iodic acid. TJie liquid roniuins 
colourless for a certain interval, and then at once becomes blue. By vorying 
the dilution, the time interval may be altered. 


Pure iodiiM .'-’Commercial iodine nearly always contains iodine 
cldoride ICl, iodine bromide IBr, and sometimes cyanogen iodide ION, 
all of whiclt arc volatile and cannot be separated by sublitnution. 
Resubbmatioii over i>ota8sium iodide removes most of the impurity. 

Iodine is ground in a mortar with potassium iodide and the mixture gently 
heated in a porcelain dish on a sand-bath. A larger porcelain dish lilled 
with cold water is placed over the 6rst and the purili^ iodine condenses 
on its under surface in glittering scales. 


Stas dissolved resubUmed iodine in concentratod potassium iodide 
solution, precipitated it >vith water, and distilled in steam. Tlic solid 
iodine waa colloeted. dried «n rocno over solid calcium nitrate (frequently 
renewed), and finally sublimed over barium oxide ^0, to separate 
HI and H^O. Lean and Wliatmough (IdOO) heated pure cuprous 
iodide at 240^ in a current of dry air : 

2Cul + Oi~ 2CuO + 1,. 

Baxter healed ptire iodine pentoxide, from rccr 5 'stallised iodic acid, 
at 300® in a platinum boat in a quartz tube : 9 21, + SO*. 

Properties of iodine .^Iodine is a blackish-grey opaque crystalline 
solid wh ich baa almost a metallic lustre . ( When deposited in th i n fi Im s 
on gloss at - 180* it is transparent.) Large rhombic crystals (Fig. 176) 
are produced by spontaneous evaporation of an ether* solution, or by 
aUowing concentrated hydxiodic acid to oxidise by exposure to air 
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The physical properties are: density at 18®, 4*94; ra.pt. 113'9®; 
b. pt. 184*4®. Although the vapour pressure at room temperature is 

small (0*13 mra. at 15®, 0*47 mm, at 
20®), iodine has a characteristic smell 
and in a closed flask the vapour shows 
a faint colour. 

Iodine vapour wlien pure has a 
splendid deep- blue colour ; when mixed 
with air it is reddish -violet (Stas). The 
vapour density decreases with rise of 
temperature. From the boiling point 
to 700® it corresponds w*ith the for- 
mula I, ; the density then diminishes 
to 1700®, when according to N'ictor Meyer it again becomes constant 
and corresponds with the formula I. The dissociation into atoms : 
1,^21 is well established with iodine. Starck and Bodenstein (1910) 
give 45 per cent dissociation at 1200® and extrapolation indicates 
complete dissociation only at about 3000®. Iodine vapour shows an 
orange-yellow fluorescence, especially when expos^ to green light. 
When exposed to light from a mercury lamp it emits a spectrum con- 
sisting of a large number of equally -spaced lines. 

Iodine is much less soluble in water than cither chlorine or bromme ; 
0*2765 gro- per litre at 18®. 0-4602 at 35®. and 0*D226 at 65®. The 
solution is brownish -yellow. Iodine is readily soluble m solutions ol 
hydriodic acid or iodides, forming dark-brown liquids containing the 
ion L' From a solution in potassium iodide black crysUlsof peUMjam 
tri-iodids KL.HjO separate. Many other polyiodides are kno^vn. I^me 
is readily soluble in alcohol forming brown tincture of iodine (* 02 . 
each of iodine. poUssium iodide and water, and rectified spirit to 

1 pbt). 

Solutions of iodine in carbon disulphide are viulet. the same colour 
as the vapour. In benzene and chloroform reddish -purple solutions aw 
formed- In these solutions mainly I, moleculw present, ihe 
Lpre».ion of frewing point of methylene loU.de CH,I, 
iodine gives the formula I,. The purple solutions .n P«‘™<.«her shou 
colloidS particles in a beam of bgM, and these are 
m tftluenc on exposure to Ught. The solution in |«trol ether (but not 
that in carbon Sulphide) becomes broxm on cooling in solid carbon 

dioxide and ether. 

In vrater. alcohol, ether, and potassium iodide solution, 
w .*» A ourple eolut ion in chloroform becomes brown on adai 

• **^ nf alrohol but Hi© original colour is restored on diasolvmg out the 

".i. 

associations of iodine with solvent molecules. 
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with mercury it forms green mercurous Iodide or yellow mercuric 

iodide accordina to the proportions used. 

Test for iodine. — Solutions of iodine give a beautiful blue colour with 
starch-paste, prepared by warming •‘soluble starch with waUr or 
adding boiling water to ordinary starch made into a jiaste with cold 
water I part of Iodine in 5,000.000 parts of water may be detected. 
The blue colour disappears on heating but reappears on cooling. 


Add a <lrop of a solution of iodine in potassium iotUilo to some <lihite 
potato starch solution in a teat-tube. Heat the fulie in a lioakor of boiling 
waUr : the blue liqui<l becomes ctdourlw*. CfuA the lower part of the 
tube in a beaker of o<dd water : this jwrt of the li<|ui<l ngnin bocainw 
blue. If excess of rhlorino water is addeil, I lie blue colour disttjipoare, 


since iodine chloriile ICl is formeil, 


The blue substance has been variously dcaeribetl as a chemical com- 
pound {•'iodide of starch"), or a solid solution, or an adsorption 
complex of starch and iodine. A blue colour is produced by iodine 
with a few other substances c-g. aa|Hinarin, some of which arc 
crystalline, and it is fully developed only in the presence of iodides or 
electrolytes. Basic lanthanum and praseotlymiiim acetates (which arc 
colloidal) and moist potassium acetato also give a blue colour with 
iodine, but the reaction is very specific. 

Hydrogen iodide. — Hydrogen and iodine combine only feebly : the 
affinity for hydrogen diminishes rapidly in the aeries of halogens V, 
Cl. Br, 1. A mixture of iodine 
vapour and hydrogen passed 
over heated platinum forms 
gaseous hydrogen iodide giving 
futnes in moist air. but the 
resetion is reversible and in* 
complete; 

Hydrogen iwitic is evolved on 
heating potassium iodide with 
phosphoric acid : with sulphuric 
acid oxidation occurs, iodine is 
set free and some of the sul- 
phuric acid reduced. Since 
hydrogen iodide is a more 
powerful reducing agent than 
hydrogen bromide, the sul- Pio. |77.^Prspsr«tion cf hydrogen iodi Jo. 
phurie acid is reduced not only 

to sulphur dioxide but also to sulphur and hydrogen sulpliidc ; 

+ 2Hl - SO, + 1, + 2H,0 
H,S04 -t- 6H I - S + $1. + 4H,0 
HjSO* + SHI - H,S + 41,. 

The usual method of preparation of hydrogen iodide gas is by the action 
of water on a mixture of red phosphorus and iodine : 



2P -1-51, + 8H,0 - lOHI + 2H,P04- 
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Phosphorus iodide ma}' be formed and then decomposed by water (cf. 
the preparation of hyctobromic acid)» but it sliould be not^ that PI^ 
it not known. 


Four ffm. of red phosphorus and 20 gm. of iodine ere shaken together in a 
desk, end about IS mh of water slowly dropped on from a tap'funnel. The 
evolution of gas may become ver>' rapi<h and the daek is then cooled. The 
gee is collectetl by displacement (Fig. ITT|. It may be dried with CaCI,. 
It is very solxible in woter and attacks mercury. 

Hydrogen iodide Is evolved on heating a mixture of iodine with colo* 
phonium reein. 


Hydrogen iodide i$ a colourless gas» very soluble in water (425 toIs. 
HI in I vol. at 10^) and fuming strongly in moist air. It condenses to a 
liquid under 4 atm. pressure at 0^, and is more easily liqiicdcd than 
HCl or HBr. The physical properties of HI are as follows : 

Boiling point > 35*4*’. Critical pressure 31 atm. 

Melting point - 50*8*. Normal density 5*7888 gm. per lit. 

Criticial temperature 150*. 


The rolumetric composition of the gas may be demonstrated by the 
action of sodium amalgam, as in the case of hydrogen chloride and bro- 
mide. Half the Tolume of hydrogen remains, hence the formula is HI,. 
The density gives the molecular weight 128. and the atomic weight of 
iodine is 127. hence z* I and the formula is HI. 

Dry hydrogen iodide mixed with dry oxygen is decomposed on ex- 
posure to light with liberation of iodine: 4HI ■ 2HjO + 2Ij. 
Accortiing to Bcrthclot, a mixture of 4 vols. of HI and I vol. of 0, burns 
with a rod Hamc when kindled, and a jet of hydrogen iodide burns, 
emitting violet fumes of io<line. when surrounded by oxygen, as in the 
combustion of ammonia (p. 517). A red flame and violet fumes of 
iodine are formed when warm fuming nitric acid is poured into a jar ot 
hydrogen iodide gas. 

Hydrogen iodide is decomposed by exposure to sunlight : alter ton 
days Victor Meyer found 00 per cent dceorojioscd ; after a year. 90 per 
cent This photochemical decompo-sition occurs accor<ling to the 
i,rimarv reaction : HI - H * I. The t;aa U decompow-d l.y heat : 

+ decomposition begins at 180 . hut is very sIom. Ihe 
rate of decomposition is quicker the higher the temperature. At each 
temperature a state of equilibrium is attained, the wme from the 
mix^e of hydrogen and iodine vapour (Hj-f Ij) a* from hydrogen 
iodide (2HI) * 2HI^Hj4-Ir A catalyst {e.g. platinum) produces no 
Thantc in Jimpositio„‘of t!.e oquilibriun, mixture, --c .t accc cr^ 
cQuallv both the direct and reverse reactions, ftic equilibrium 
nerceritaBo dis-nociations of HI (Bodcnslcin) are ; 

p . 283° 356° 444° 627° 1022° 

per cen't dissociation - 17-9 19-5 22-0 24-7 32 0 

Aso.u,i«nofhydnodic«idiafc^ 
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HI. 2 H 1 O. m. pt. -43*. HI.3H,0, P^- HI.4H,0. to. pt. 

- 30* 5®, separate cn cooling. The solution of density 16 is used in organic 
chemistry as a reducing agent. An acid of maximum boiling point 136 
at 76 cm. contains 57 per cent of HI. The freshly-prepared solution is 
colourless^ but rapidly becomes broam when expo^ to air owing to 
formation of iodine which dissolvea in the acid : 4HI + Ot® 2H,0 + 2I|. 
The concentrated acid may bo freed from iodine by distil iation over a 
little ted phosphorus. 

A solution of hydriodic acki is formed by passing hydrogen sulphide 
into a suspension of iodine in water : 

H^ + I*-2HI + S. 

When the liquid is decolourised it b saturated with iodine, and the 
reaction continued- When the density of the solution reaches 1*56, 
action ceases. 

The solution is Altered from the sulphur and distilled. At Arst ver^ 
weak acid (with hydrogen sulphide and sulphur) comes over. The tern, 
perature tlien rises to 120® and the 57 per cent maximum boiling-point 
acid distils. 

Hydrogen sulphide gsa reacts incompletely with dry iodine, the reaction 
being endothermic and reversible : 

HtS4-I«s2Hl4S- 16-8 k. cal. 

The heat of solution of <H1) in a targe quantity of water is 10*2 k. cal, 
hence boat is evolved by the action of hydrogen sulphide on iodine in 
presence of water. 

The formation of hydrogen iodide from hydrogen and $Uid iodine is 
attended by a small absorption of heat : 

(H,)*h(I|]«2(HI}- 11*88 k.ca]. 

The beat of sublimation of iodine is 

[I,)«{I,)- J4 d k.cal., 

hence the reaction between hydrogen and iodine vapour is attended by a 
small evolution of heat 14*8- n*82s 3*0S k. cal. 

<H,)*t-(I,)s2(HI)4 3*06 k. cal. 

X<e Cbatelier's principle (p. 295) thus shows that the degree of dissociation 
of hydrogen iodide will increase with rise of temperature. 

Iodides. — Iodides may be prepared by the same general methods as 
bromides (p. 322). Nearly all are soluble in water, cuprous, mercuric, 
lead, and ^ver iodides being exceptions. Silver iodide forms a light- 
yellow precipitate, insoluble In dilute nitric acid and in ammonia. The 
formation of violet iodine vapour when an iodide is heated with con- 
centrated sulphuric acid and manganese dioxide, or a brown colour 
after addition of chlorine water, extracted by shaking with chloroform 
or carbon disulphide as a violet solution, may be used aa tests for 
iodides. 
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Chlorides of iodioo.— Iodine mooocUoride IC1 is formed by passing 
clilorine oror iodine, na a dark red liquid, which solidifies on standing 
(especially in contact with a trace of ICl,) to a black solid : Ig + Cij* 
2101. The first product of solidification mclta at 14^, but is unstable 
and is converted on standing into a stable form melting at 27*2®. which 
forms red needles. This is stable under qH conditions ; from liquid 
cooled below 14® crystals of either form separate according as a crystal 
of one or the other form is added. Tlie unstable form is obtained by 
cooling the liquid to - 10®. 

Iodine monochloride is also formed by heating iodine with potassium 
chlorate or boiling io<line with aqua regia. It boils at 101 >3® and the vapour 
density is normal. It dissolves unchanged in concentrated hydrochloric 
acid but is somewhat decomposed by water : 

5IC] + 3K,0 » 2I« + HIO, •f 9HCI. 

Iodine moncK^hloride is decomposed by alkali hydroxide solution, the 
final reaction with excess of alkali being : 

3ICI + OKOH - 3KCI + 2KI + KIO, + 3HjO, 

but some iodine is liberated in an intermediate .Mage. 

lodias trichloride IClj is obtained by the action of e.vcess of chlorine 
on iodine or on the monochloride: ICl ^CI^^lClj. The reaction is 
reversible, since the vapour <lensity of Uie trichloride shows that it is 
completely dissociated at 67®. It may bo fused in cldorine under 16 
atm. pressure. The trichloride is also formed on heating iodine pent* 
oxide in hydrogen chloride: 10HCl-21Cl}-i-3H«O -f2Cls. It 

is a ]Gmon<yellow crystalline solid. 

If a jar of hydrogen iodide is inverte<l over a jar of chlorine there is a 
s’iolent reaction, often Qtt«nde<l b>' a red Hame. and three substances are 
formed : (i) a violet va|K>ur, depoftiting solid cr>'stals of ioduic : (li) dark 
red drops of liquid at tho junction of tlie two jars -iodins moDochlchde 
ICl : (hi) lemon ycUoM* crystals in the loner jsr— iodias thchlonde ICI 3 
The reoction is : 4^1 + 40,* 4HCI + I, + ICl + iCl,. 

On standing in presence of exceas of chlorine only yellow crystals of ICl# 
remain. 


Iodine trichloride is almost completely hydrolysed by water : 
2 ICI 3 + 3H,0 - ICl + HlOj + 5 HCI, 
and is decomposed by alkali hydroxide solution : 

3iaj + 12KOH-9Ka + KI + 2KlOa + 6HjO. 
some iodine being liberated in an intermediate stage. 


Iodine monochloride and trichloride aro sometimes roganied os salu of 
the univiilent and tervalont iodine cations, I*Cr and I’" Cl,'. Some salts© 
tervaleiit iodine are described : iodias aesUte I(C,H,0,1, is 
the action of C1,0 on iodine dissolved in glacial acetic acid, and iod^e 
perchlerats I(C10,),.2H,0 is obuined « 

action of owne on a cooled solution of iodine in anhydrous perchloric 
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acid : If + BHCIO^ + O, * 2I<C10,), + 3H,0 j iodine orthopbwpbaU 1 1*0< is 
said to bo formoU from iodme» orthophoaphoHc acid, acetic an)iy(tri<lo 
and fuming nitric acid. Tho strongly basic diphenylicMionium Uyciroxi<ic 
(C,Hf)flOH is stable and forms salts resembling tlioso of tervalcnt 
thallium, even to giving a green dante reaction. 

Iodine monobroimde iBr is formed by direct combination aa block crystals 
similar to Iodine, m. pt. 36*, b. pt. lid*. The vapour U dissociated. 


Oxides and oxy^acids of iodine. — The following oxygen oompounda 
of iodine are known : 


OxiDBS OxV'ACinS 

— Bppo'iodous acid HOI 

lodiot diosidt lOf or IfO^ — 

The oxhie I«Of — 

Iodine pentoxidB I|0« ledie acid HIO* 

/■•uperiodk acid HIO, 

— I Dimesopehedic acid HJfOf 

(panpenodk acid HfIO« 

The yellow non<deliqueacent iodine dioxide !,0« is obtained by heating 
icdic acid with hot concentrated sulphuric aci<l till fumes of irxline are 
evolved, cooling and dacompoaing tl»e resulting basic sulphate of irxlihe 
with water, in which iodine dioxide is sparingly soluble. It is docoini>oso<l 
on heating : 5lfO« « 4l,Of + I,. 

The pale-yellow deliquescent oxkle T«Of is obUii^c<l by tho notion of 
ozonised oxygen on dry iodine. It is deromi>oso(l on heating: 41,0, = 
61,0, + 21, + 30,, and by water : 51,0, + «H,0 * I, + JSHIO,. 


todins psatoxide {todic anhydridf) 1 , 0 * is obtained by heating iodic acid 
at 200^. or at 160* for three hour* and then at 240® in a current of 
dry air : 2HI0j- I,Oj + H,0- It is a white powder, decomposing at 
300 after fusion Into oxygen and iodine. \Vlicn warm it oxidises 
carbon monoxide, even in traces in gaseous mixtures : SCO + 1204 * 
SCOj-hlj, The carbon dioxide formed may he absorbed by baryta 
water, and the amount determined bv titration. Iodine pent oxide 
dissolves in water, forming ie^ add Hlb). 

Hypo-iodous acid.— Iodine dissolve* in cold dilute alkali livtlroxide 
wlution to form a yellow solution, with a characteristic smell of saffron 
Ihis contains hypo-iodile and iodide; Ij +20H' *01' +1' +H 0 
The freshly-prei^r^ solution has oxidUing and bleaching properties! 
Indigo solution is bleached, hydrogen peroxide evolves oxygen man- 
ganous sulphate is precipluted as brown manganic hydroxide and 
alcohol gives a yeUow precipitate of iodoform CHL. An acid even 
+ liberates iodine from the solution: 

On standing, especially if heaUd. the solution loses these properties 
and contain only lodate and iodide : 301'. 10 ,' + 21 ’, FVee hvuo. 

fanned on shaking a solution or a suspension of finely 
powdered lodjne with precipitated mercuric oxide and filtering ; ^ 

21, + 2HgO + H,0 - 2H01 + Hgl„HgO. 
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The acid U very weak and )ias been supposed to be amphoteric in 
cliaractcr. functioning as a vcr>’ weak base as well as a very weak acid; 

+or. 


Iodic acid. — This is the most im|)ortant oxy^acid of iodine. It is 
formed by the oxidation of iodine w ith ozone in presence of water, but 
is best i)rcpare<i by l>oiling iodino with ten times its weight of fuming 
nitric acid (<lens. 1.5) in a flask, evaporating to dryness, lieating to 
200^ to cx|)cl nitric acid, and dissolving the iodine )>cntoxide formed in 
the sntallest amount of warm water. On cooling the s^Tupy liquid, 
colourless rhombic crystals of iodic acid separate : 

31j+ IOHXO,-CHIO, + 1UN0-^2H,0. 

Iodic acid is formed by passing clilorine into a suspension of iodine 
in water: I« 6H20 b2HIOj lOHCl. Hydrochloric acid is 

removed as silver cldoride by a<ldition of silver oxide. 

Iodic acid may be prepared by evaporating iodine witli 25 per cent 
chloric acid : 2HaO, 4- 1, -2HIO, -i- Cl,. 

Iodic acid is very soluble in water, but is not <ieltqucscent. The 
solution flrst reddens and then bleaches litmus pa|)er. Iodic acid is 
insoluble in alcoliol. The solid deflagrates wlicn heated with |>owdered 
charcoal, sulphur, phosphorus, or organic matter, and in solution the 
acid is an oxidising agent : 

2HIO, 4^5808 + 4H,0 -1, +5H^S04 

2HIOj +5H,S- Ij +5S 

HIO, + 5Hl-31,>3HtO. 

Iodic acid melts at 110* to form a solution and a solid hydrate 

190*. but then fusing to form 1808- 

lodates.— On adding iodine to hot concentrated alkali liydroxldo 
solution an iodatc and iodide are formed : 

31* + OKOH - KIO, 4^ SKI + SHjO. 

With potassium hydroxide. sf>aringly soluble peUwom iedsts KIOj 
crystallises on cooling. 

Potassium iodatc is also formed by heating iodine wjth a concen- 
trated solution of potas.sium cliloratc an<i a little nitric acid : 

2 KCI 03 + l8-3KI0, + Cl8. 


If barium chloride U added to a solution of |>ota.ssium iodatc, b^um 
iodsis is precipitated. This is dccomiwsccl ^>y sulphuric ac*d to 

form a solution of Iodic acid : UatiO,), 4- - BaSO^ -f ,HIOj. 

Iodic acid, although monobasic, forms normal salts and two acid sans . 

Nonaal poUssium iodaU KiOj 

Acid poUasium iodate KlOj.HIOj or KHlIOjlj 

I>iacid poussium iodau KIOa, 2 HIOj of KH 8 (I 03 )j. 

The acid salts arc isomorphous with acid salts of some 

nri.U (succinic etc.). The normal lodates arc sparingly so uhle or 

" oluiirw^tcr. On heating, they decompose : 

oxygon. «.?. KIO,. (ii) into oxide - lodmc f oxygen. e.J. Ca(lU,},. 



XX] PERIODIC ACID 335 

Barium iodatc forms a periodate on beating (see below). lodatoa 
form complex compounds with molybdic. tungstic, selenic, sulpfniric 
and phosphoric acids. 

lodates are detected by the blue colour, due to liberation of iodine, 
when sulpliurous acid and starch -paste are acldecl a solution. 

The formula of iodic acid and iodine |)cntoxide arc written on the 
assumption that these compounds contain quinqucvaicnt iodine : 

y.O O. .0 

H-o-if .i-o-r 

^'0 0' '0. 

Periodic acid. — Periodic acid, discovered by Ammermullor and 
Magnus in 1S33, is formed by the electrolytic oxidation of iodic acid, 
but is most conveniently prciKired by the hMlowing method. 

Aflodhim perioflate XsiH^IO^ {mixed with XajHtlO,) is precipitAt<Hl on 
oxidising a boiling solution of 12*7 gm. of io<line in a lU per coni solution 
of 60 gm. of sodium hy<lroxido, with a rapi<l stream of chkirino : 

KaIO»*f 3XaOH + a, sNa|H,IO« > 2XaCn. 


A suspension of this salt in water it heatetl with silver nitrnte nt 100^. 
giving a black precipitate of silver meeoperiodata Aga[0». which U wtuiiod. 
suspended in water, and decomposed by chlorine, giving silver chloride ntul 
a solution of perio<lic acid which is evaporated in a vacuum deaiccator over 
concentrated sulphuric acid, when colourless delicjuoscent crystals of 
paraperiodic acid H|I0« (the common porkMiic acUl) are formed : 

SClt’K IOH,Os4H,lO«+ 12AgCU30,. 

The cry stale of paraperiodic acid melt with decomposition on hen ting : 
2H»I0« s SHIO) + 4H|0 + 0,. but below 100* in a vacuum thoy h>s4 water, 
forming diawsopsnodic acid and then nsUpcriodic acid HIO^. The 

latter slowly sublimes. (Bahl and Partington, 1934). 


Bahum pshedata Ba^lIO^), is very stable and is formed on heating 
bari urn iod ate to redness ; 6 B^I 0,), ■ Ba^l lO*) j +41, + «0,. A 
solution reacts with dilute sulphuric acid with formation of a solu- 
tion of periodic acid : Ba,(I0,), + 5 H,S 04 - + dBaSO*. 

Solutions of periodic acid and periodates arc powerful oxidising 
agents, convert! ng manganous salts into permanganate . The periodates 
are usually sparingly soluble. A solution of KIO 4 gives with silver 
nitrate a brown precipiute of AglO,. soluble in dilute nitric acid. 
Several groups of periedates known may be regarded as dcrivotl froni 
acids formed by losa of water from a hypothetical ortho -acid I (OH),, 
They all contain septavalent iodine : 


PeaioDic Acids 
oTiko- l(OH)„ untawwn 
pam- 10(0H)» or H,IO* 

fn«so> IO,(OH)a or HjIOa, unknown 

dimtM- (HO), IO, 0-IO* (OH), or HJ,0* 
m€ta- lOdOH) or HIO, 


PbRKO DATES 
unknown 

i^dlO,), ; Na,H,IO, : 
Na,H,IO* ; Ag,H,IO. 
Ag,IO, 

NaJ.O, ; AgJaO, 
KIO4 ; Agio,. 
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Structural formulae are : 


(CBA^ 


xo 

H— 0—1=0 

*^0 


H— 0\ /O— H 
H— O-zI^O— H 
0^ ^0— H 


Xn tho 10** ion tl»© iix oxygen atoms are arranged octahedrally with six 
identical bonds around theio<iLne atom. 


Fl.VORIXR 

History. — The mineral Jluorift ot fluorspar occxira in Derbyshire, crystal* 
lUed in cubes or octaliedra or in cotn(>aot maasee like marble. It is called 
“ Derbyslnre S|«r or Blue John '' when the cr>*stale are coloured 
blue or purple. Colourless transparent cr>*s(aU show a bluish tinge when 
li^ht falls on them, and this property {shouit by petroleum, solutions of 
qxiiiiine salts, an<l other substances) is called fluorescence. Fluorspar was 
doscrihoil by Agricola (1530) as fluor, from the Latin fluo, I flow, since it 
melts at a red heat (1330'). Fluorspar is calcium fluoride. CaF*. 

The composition of fluorsi>ar was fur long unknown. It appears that 
crude hydrofluoric acid was Hrst preparecl by an unknown English glass* 
worker about 1720. Scheele, in 1771. discovers! that fluorspar rs a salt 
of lime and a peculiar acid, which he obtained in an impure state by dis- 
tilling fluorspar with concentrate«l sulphurie acid In a glass retort. The 
retort was powerfully corroded and a gas formed which deposited gelatinous 
silica on passing into woter. J. C. F. Meyer 1 1761 ) and C. F. Wenzel (1763) 
\ise<l iron and lead vessels ancl obiainetl fairly p\iro hydrofluoric acid 
solutlnu, the fiart played by the silica from glass being clearly recognised. 
In 1760 Scheele used a tin retort. Gay*Lussac and Thenard, who invest!* 
gated the acUl in 1609, regardo<l it as the oxide of an unknown radical. 
Ampere in IS 10 suggeeied that it is a compound of hydrogen with an un> 
kno^Ti clement fluoriae. analogous to chlorine. The clement was first 
isolated by Moissan in J860. 

Occurrence. — Fluorine is widely distributed as fluorspar and other 
fluorides. Tbe mineral cryo/r7e kajAlF, Is found in Greenland, and 
fluor-ftpf/tiU CaF,,^aj(P0*), (p. 750) is common. Small quantities of 
calcium fluoride in soil (probably derived from apatite) are absorbed 
by plants, the ashes of which contain about 0*1 per cent of fluorine. 
From plants calcium fluoritlc passes into the bones and teeth of animals, 
especially the hard parts ; enamel of teeth may contain 0*3 per cent of 
fluorine, possibly as apatite. 

The blue colour of some kinds of fluompar in usually <Jue to orgonle 
matter. On heating it disappears. Some blue varieties contain froe 
fluorine. Colourless fluorspar becomes blue when exposed to radium 
emanation. 

Freparatioa.— The isolation of fluorine was for long one of the master 
problems of inorganic chemistry. Tiie attempts of Davy. Fremy, 
Nick 168, Lou vet, and Gore towards its solution were uniformly un* 
succcsflriil . If platinum vessels were used a chocolate -coloured powder , 
PtF was obtained ; carbon vessels were attacked w'ith the formation 
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of 9 . gaseous fluoride CF*. Attempts to clectroJyse hvclrofluoric acj<) 
met with no success ; if the aqueous acid was tised only oxygen Jinci 
hydrogen were obtained, whilst the anhydrous acid is a non-conductor. 
Moiasan in 1886 found that anhydrous hydrofluoric acid In-comca an 
electrolyte when potassium hydrogen fluoride KHFj is di^olved in it. 
If this solution is electrolysed in a U-tubc of an alloy of platinum and 
iridium with electrodes of the same material, the wliolc being strongly 
cooled, hydrogen is evolved from the cathode and fluorine from tfio 
anode. In 181)9 Moissan found that the platinum apparatus could be 
replaced by copper, which apparently becomes coated with a protecting 
film of fluoride. The electrodes must still be of platinum -iridium. 


On the left in Fig. 178 is the U-tube, of 300 ml. capacity, containing 
80 gm. of acid potassium fluoride dtssolved in 200 ml. of anhy<lrous hydro- 



Fto. l?8.^Blois*an's apperatua for preparing fluorine. 


fluoric acid. The eloctrodee are insulated by fluorspar stoppers covered 
outside with shellac. The tube is immersed in a bath of methyl chloride, 
b. pt. - 23*. which is constantly renewed, and a potential of 30 volts is 
applied. The fluorine from the anode (about 5 litres per hour) is passed 
through a platinum or copper spiral cooled iit metliyl cldorlde. and a tube 
of the same metal packed with fused sodium fluoride, to remove hydro- 
fluoric acid. By collecting and measuring the hydrogen from the cathode, 
and absorbing the fluorine in iron wire in a weighed platinum tube, hloissan 
found that for every gram of hydrogen e\‘olved the iron increased in weight 
by 18 grams. The gas was therefore free fluorine. 

Brauner (1894) obtained email quantities of fluorine by heating potassium 
fluorplumbate FbF4,3KF,HF, m^e by the action of hydrofluoric acid on 
potaaaium plumbate. At 230®-250* this loeee hydrofluoric acid and at 
higher temperatures fluorine : 

PbF,.3KF.IlF a HF -► PbF^.SKF 
PbF4,3KF = PbPp3KF + F,. 
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Fluoniio it) more easily preiuircil by the electrolysis of fused »ci<l poUs- 
sixim tluorlil© in a copper \*c&scl with cmphit© elect rofJes. Tho electrolyte, 
pure ftn<l ilry KUK. (m. pi. 217*). is fiise<l in on elect ricelly heated vessel, 
such as ft wide copi>er V-tube A A (Fig. 179) ; the electrcnka RR are pure 
Ac)ic«on grufihite rcMls insiilatetl in liakelite cement sU>p|)ere BB. A 
current of 5 amp. at 12 volts is use»l. The fluorine (0 92 litre per hour) is 
purifichl by passage through two copier U -lubes FO, containuig dry sodium 
Huorido (Dennis. Veeder ond Rochow, 1931). Purity of tlie salt and ef the 
electrodes is essential. 

Fluorine can be mftde on tlie industrial scale. Tlie common electrolytes 
are fused ucid potassium fluorides with carbon anotles. ond up to 3,000 

om|>eres were used in the elec- 
trolysing currents. An anode 
current ellicicncy of about 95 
per cent was attained. The 
gas can be piped in steel or 
copper, and compressetl up 
U> 400 Ib.dn.* in nickel end 
steel cylinders. Purification 
reached 98 per cent minimum. 
Fluorination of hydrocarbons 
formed numerous proilucU 
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up to CiaF)}. uikI much use was made of cobalt trifluoHdoCoF», and silver 
difluoride AgF^, The fluorine-hydrogen blowpijie is used fur welding metals. 

Properties. — Fluorine is a |>alc greenish -yellow gas, with very little 
nution on glass bch»w I (10^, so that it may be kept in glass vessels. It 
hue n powerful odour resembling hypochlorous acid, but is not so 
[loisonou.s tin hydrofluoric acid va]K>ur. By weigliing the gas in a glass 
flask, Moissan found the density I KOI (H • 1), from w*hich the formula 
follows, Fluorine was liqueflod in 1897 by Moissan and Dewar, who 
cooled the gas in liquid air lH>iling in a vacuum. The liquid is clear 
yellow, b. pt. - IK7’, density 1*108 at the b. pt. By cooling in liquid 
iivdrogen. Dewar (1903) oblaincd |>alc-yellow solid rtut»rine, m. pt- 
~ 233' . becoming colourless at - 202\ 

Fluorine fumes in moist air, forming liydtvjfltiorie acid and ozone. 
Fluorine is the most active element known. It docs not react directly 
with oxygen or nitrogen, and combines with chlorine only on heating, 
forming' gaseous CIF and ClP,. It readily combines with bromine and 
iodine, forming colourless liquids BrF 3 and IFj. 

A jet of fluorine ignites at once in a jar of hydrogen, burning with 
a rcd-bordercd flame and pro<luciiig HF, which ottacks the glaw jar. 
Fluorine unites with moist hydrogen explosively even at -252 , but 
the very inire ftinl drv gases do not react at room tenqierAture. Boron, 
carboa’(as charcoal), silicon, phosphoru.s, arsenic, antimony, bromine, 
iodine, sulphur, selenium, tellurium, and iH>ta.ss,um all ignite sjwiy 
taneouslv in the gas and bum witii the formation of fluondcs. 
magnesium, zinc, aluminium, tin, manganese, imn, and nickel take hre 
wlien gently warmed. Lead is only slowly attacked at the ordinary 
temperature, and wppcc becomes coated with a protective layer of 
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fluoride. Gold and platinum are not attacked at the orclma^ tem- 
perature but are corroded and form fluorides on heating. AiC')nol, 
ether, and turpentine take fire spontaneously in the gas. Potawsnini 
chloride is decomposed with evolution of chlorine: 

2KCl+Pj-2KF + Cl,. 

Fluorine can replace oxygen in many acids without producing much 
change m chemical properties, e.g. it forms fluoriodates MF^lOj, an<i 
lFj(OH)j. and replaces oxygen in niobates and tantalates. 

Hydrofluoric acid. — Hj'drogen and fluorine combine when moist to 
form hydrogen fluoride or hydrofluoric acid HF, wliich is more con- 
eeniently made by the action of sulphuric acid on fluoridw or by heating 
acid potassium fluoride. 

Powdered fluorspar is distilled with 90 per cent sulphuric acid in a 
lead retort connected with a lead receiver containing water, in which 
the vapour of hydrofluoric acid dissolves: CaFj HjSO| -CaSO^ + 
2HF. The colourless solution is kept in wax or gutta-percha bottles, 
and is used for etching or engraving on glass, which consists of alkali 
and alkaline earth silicates : hydrofluoric acid removes the silica in the 
form of silicon fluoride : 

Si0, + 4HF-Sip4 + 2H,0. 

Etchings with the liquid acid are clear ; those made with the gas or a 
mi.xture of aqueous acid and ammonium fluoride arc opaque. 

A watch-glass is covered with beeswax by melting and draining ofl the 
liquid. When the wax has hardened, a device is scratched through with a 
needle and the glass piscsd ovsr a lead dish containing a mixture of powdered 
fluorspar and concentrated sulphuric acid, gently warmed. TJie parts of the 
glass exposed are seen to be etched if tlie wwx is removed after a few minutes 
by warming the glass. 

The commercial acid. dens. 1*130. contains about 40 per cent of HF. 
It is used for etching glass, for removing silica from cancs and sand 
from castings, and as an antiseptic. The " vild yeasts ** wliich produce 
fusel oil in fermentation are killed by small quantities of sodium fluoride, 
whilst norma] yeast-cells may be accustomed to it. Lactic and butyric 
fermentations are also inhibited. Zinc and sodium fluorides are used 
in preserving wood. 

Almost pure anhydrous hydrofluoric acid is made in America from 
fluorspar and transported in steel containers. 

If aqueous hydrofluoric acid is neutralised with potassium hydroxide 
and the liquid evaporated in a platinum dish, cubic crystals of potassium 
fluoiids KF are obtained. If a further equal volume of hydrofluorio 
acid is added to the neutralised liquid and the liquid evaporated in a 
platinum dish, crystals of poUsnum ^drogen fluoride KHF| called Fremy's 
salt (it was actually discovered by fcraeliusj are obtained. This may 
be dried by heating and is relatively sUble. If it is heated in a 
platinum or copper retort, connected* with a condenser of the same 
metal cooled by a freezing mixture, bydnfloorie acid distils 
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(Fig. 180) : KHFj* KF X HF. The anhydrous acid was first prepared 
in this way by Fremy in 1856. 

Anhydrous hydrofluoric acid is a colourless strongly ‘fuming liquid, 
dens. 0*6S8, boiling at 19*4^ ; it should be kept in a platinum bottle 
in a freezing mixture. It does not solidify until cooled to - 102^ ; the 
trHTi^pnrent colourless solid melts at - 83^. \V1ien quite free from water 
tiiu liquid acid is said not to attack glass or metaU at the ordinary 
temperature, except potassium, which explodes in contact with it, 
A<*curding to Moissan, the dry gas attacks glass. In presence of a trace 
of water tlie acid attacks glass violently, and dissolves most metals witli 
evolution of hydrogen : Fe-f 2HF-FeFj + Hj. The noble metala are 
not attacked, but gutta percha (which resists the aqueous acid) and 



Fio. IM. -PJatinum retort *n<l ron<lenscr for preparing anhydrous 

>iydrofluorie acid. 

most organi c materia Is arc rapidly corroded . Ceres! n wax , or poly then© 
(polvmcrised ethylene), bottles resist the concentrated acid, The acid 
aud its vapour are dangerous corrosive poisons. They attack the skin 
violently and form sores which heal only with great difliiculty, hence 
rubber gloves should be worn in manipulating the acid. 

Hydrofluoric acid forms a solution of maximum boiling point, 120 , 
containing 36 per cent of HF. 

The composing of hgtlroftaoric acid wa« determine<l by Gore (1889>. who 
heated silver fluoride at lOO’ in hj-dfogen in a platinum vosssl and obUineO 
twice the volume of hydrofluoric acid gw. Tl»e formula at 100 is therefore 
HF - 2AgF + H,* 2HF + 2Ag. Mallet (1881) by weighing the vapour at 
in a glass flask coated inside with paraffin wax obtained 
19'0G (H= 1) corresponding with the formula H|F,. Thorpe and Hambly 
( 1889 ) by <letermining the vapour densities in a platinum flask at various 
temneratures and pressure*, showed that the gas is associatoil. the < ene ty 
larying with eemp^rature and pressure. At 88^ an<l 741 mm. the mol^d^ 
weight corresponds with HF ; at loiver temperatures it ^PproxiinaW to 
No indication of the separate existence of found, 

d^sitv falling continuously with rise of temperature or dimmut^n of 
pressure to thi limiting value <><>rr«ponding with HF. Simona ” 

(1924) concludetl from measurements of vapmir pressure and <1 Y 
u'at the goaL,us acid at tem|>enitures of 15* to 19^ C. is a mixture of 
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and HF noleculas in aqiiilibrinm. biU Thorpe and Hambly^e resulta have 
been conhnnoct by Fredenhagen (1934). 

In concentrated eolutiona tlte acid appeare to bo HtF,i but in dilute 
solutions freezing* point meaauremenle pvo the formula HK, and the 
existence of H,F, molecules Is doubtful, although the liquid acid is 
associated. 


The fiooridss differ in many ways from other halogen compounds. 
Silver huoride is very soluble, calcium fluoride is nearly insoluble, in 
water. The iron compound corresponding witli cryolite, viz. Na^KcF^, 
is insoluble. If a standard solution of a ferric salt is added to a solution 
of sodium fluoride, this compound is preeijutated. and if a little 
ammonium thiocyanate ia added the excess of ferric salt gives a red 
colour. Fluorides may be titrated in tliis way. 

Many fluorides readily form complex compounds with hydrofluoric 
acid, e.g. HBF.. HjSiF4. HjNbOFi, etc., which form salts, KBF., 
K^iF,. KjNbOF*. 

Ammonium fluendo NK4F, obtained by neutralising the acid with 
ammonium carbonate, decomposes on fusion and forms the acid 
fluoride: 2NH4F-NHJ + NH^HF,. 


Fluorine ondss.— Labaau and Damiena (1927) found that gaseous 
Auotl&s noDoBdt F|0 is produced by |>assing fluc»rine at the rate of 1 litre 
per hour through 2 per cent sodium hydroxide solution : 2h\ + 2NaOH b 
2NaF + F|0 + H,0, It may be collectii over water end liqiieliecl in liquid 
air, b. pt. - 1 46' ft*, m. pt. - 223* ft*. It is a stable gas, which is a |K>worrul 
oxidising agent, liberating iodine from (M)tassium io<hde solution, which 
eomplstaly absorU it : F,0 + 4KI + H,0 a 2KF 2KOH + 21,. Difluorus 
dioBds F,0, is an orange-red solid, m. pt. - 103-5*. obuined by the action 
of an electric discharge on a mixture of fluorine and oxygen at low tom- 
perature and pressure (Ruff. Mensel and CUisius, 1930). Above - 100* 
the pale*brDwn gas decomposes into fluorine and oxygen. 


Compounds of fluonns with other halogens.— CUorint mooofluoride CIF is 
a eolourlees gaa (m. pt. - Iftl*. b. pt. - 103*) formed from hydrogen 
tluonde and chlorine at liquid air temperature, or by heating fluorine and 
chlorine m a copper N-easel at 260*. It reacts with some metals even more 
^^roosly than fluorine itself. With excees of fluorine chlorine triftuoride 

Uh, (m. pt. -83*. b. pt. -f 1) 3*) is formed i this attacks gloss very 
vigorously. * ^ 

Brome trilluoride BrF, is formed from fluorine and bromine or hydrogen 
broimde « a colourlaa fuming liquid, ro. pt. -2*, b. pt. 127*; brooUne 
^^umde BrF, is formed from the elemenu at 0*. m. pt. ~ 61 -3* b Dt 
40 fi . the vapour Uing sUble at 460* ; bromine moaofluoride BrF is a reddish^ 

*“• ”■ P‘- *• 

comS^ mu^rtd. IF. <m. pt. e\ b. pt. 97-) i, forn,.d by direct 

t of fl'-o™® <Mi heated iodine 

^t^ide. or by heating iodine with silver fluoride (Gore, 1871) When 

o. pt. 4 ft , With the normal vapour density. ’ 
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The halogens .>^Thc elements fluorine, chlorine, bromine, and iodine 

arc so related in chemical properties as to form a group or family, 

called tlie halogen group (Greek hah = salt). The properties of the free 

elements and of their hydrogen compounds show a marked gradation in 

the order given above. This is seen in the first place in the physical 

So)ul>Mltr 
io w«tcr 


properties 0 / the eUments : 


SleiiKni 

F 


Cl 


Atomic 

19 


PhyUcAl 

»lAlr. 


gasF, 


35 gaa Cl, 


Hr 


SO 

127 


liquid Dr, 
•olid 1) 


Cokmt. 

pAk 

BlvcttWk* 

yellow 

yeSow 

nifiaU) 

yHlow) 

daili 

IVMOItf 

tr4t 

btacK 

ivBpoor 

noki) 


Mclfinc 

puibt 4lk, 

40* 


BolHiia 
poibt 4M. 

S6* 


172-2* 2386* 


265'9* 


331-9* 

457-5* 


Hyi 
UquM, 

M08 


155 

319 

4-9 

•olM 


4t0*. 
dCCCIDpeMI 

14-6 

41>5 

0*162 


The physical properties of the hydrogen compounds (all acids) are : 


' \m\T>z 

Compouerl. (kmoibN. 

HF 180'S* 

HCl 1578* 

Hlir 1850* 

HI 222'2* 


Bc4Ubc 

jwint ab*. 

292-5* 
188* 
206* 
237 6* 


I>ca«i(r«r Bc4l offomutloo Aiomk 
NuW. Ink, Ml. (iUuncai.V. 

0-988; 15* 38-5 0-88 

0-929/0* 22 1-28 

2-16cb.pi.> 12*1* 1-42 

2-80 cb. pi.) '6- If 1-6 


l!ncrty of romi»- 
tlon fioni 4lom> 
k. mI. 

140 
102 
86 
66 


The physical proi>cftics of hydrofluoric acid are abnormal ; it is 
associated even in the gaseous state below 80*. whereas the other sub< 
stances are normal. Association leads to increase of boiling point. 
The energies of formation from the free atoms diminish and the die* 
tances between the centres of the atoms increase, with increasing 
atomic weight of the halogen. 

It was formerly suppoaed that the associated molecules of hydrogen 
fltioHde were (HF)„ with the eix HF units arTange<l in the form of a 
hexagonal ring. Electron diffraction by the gaseous acid (p. 439) shoas 
that polymers ranging from (Hi'), to (probably) (HF), are present, and 
that they are of sig-sag form s 

/F.. /F.. 

H W H H 


\r‘’ 


\p 


\f 


with the F— F distance 2-55 A., and theH— F— H bond angle 140*. Solid 
hydrofluoric acid also coniains long rig-sag chains of molcculise. 

The interaction between one HF unit and tlie next, repreeented mine 
figure bv a dotted line, is different from that of a normal covalent bond 
<0 412) and is an example of what is called hydrogen bonding, the interaction 
leading to what are called hydrogen bonds, hydrogen bridges, 

Such bonds ate supposed to be present in the boron hydndee (p. 656). 


The stability of the hvdrogen compounds ns measur^ 
yjociatlon Cheating i., in order HF>HCI>HBr>HI. ..«• m the 

tFfom l[I,leolid. 


• From l(Br,) gas. 
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order of the heats of formation. Tbu^, hydrogen iodide is apprccinl>Iy 
dissociated at 360^ but hydrogen chloride only slightly at IGUO^. The 
halogens displace one another from their binary salts in the order of the 
heats of formation, vis. : F -d -Br--!. In the oxygen comjwunds 
iodine can displace chlorine. 

A summary of the general pro|)erties of the otlter compounds \v<iuld 
rnerely be a repetition of information alreaciy given. Attentioit may be 
drawn to tlie decreasing stability of the aci<U HOX and their salts from 
chlorine, through bromine, to UKline. en<l the increasing stability of iodic 
acid as com|>ared with chloric acid, bromic aci<l being anumaloxv^. The un» 
usual formula H»IO« of the common jieriotlic acid, and the non^existonce of 
oxy acids of fluorine and of perbromie acid, should be noted. 


CHAPTER XXI 

ATOMIC HEA'rS AND ISOMORPHISM 


Tb6 det^nninfttioD of atoouc weights. — Tiio metliods used in deciding 
which multiple of the tfjuivattMl gf an element is the atomic weight have 
already been referred to bricHy (p. 1 10). The application of these 
methods gives a valuable check on I he atomic weight. If the atomic 
weight has been fixed approximately from the specific heat, the vapour 
density of one volatile com|>ound may be valuable confirmation, 
although it could not alone give a certain result, since it could not be 
assumed tijat the com()ound contains only one atom of the elemcnt. 


ATOMte Hbats- 

Dulong and Petit's Law. — P. L, Dulong and A. T. Petit in 1810 
discovered a simple relation between tfjc atomic weight A and specific 
heat c of a element, via., that the product of the atomic weight and 
specific heat, w'hich they called the atocaic heat. Is constant, /I c- const. 

g. cal. Dulong sad PrtH*s Uw asserts that the atomic Acato of soltd 
eltmenttare constant antJ aftprorimatelff e^unl to 0*3 g. cal. In some cases, 
especially metals, the constant is about li*4. The table on p. 34.) gives 
results determined near atmospheric temperature. 

To obtain agrecnicnl with the law, Dulong and Petit iiad to alter 
some atomic weights current at the time : except in one or two coses 
these modifications have been confirmed. 

Quantities of solid elements in the ratio of their atomic weights arc 
raised through equal tcmjicraturcs by identical quantities of heat. Ihe 
heat capacity of a solid clement is a property of its atoms, and Dulong 
and Petit expre.sscd their result in the statement : Me atoms of alt 
solid eUmenU have (he same capacity for heat 

By assuming that the energy of a monatomic solid due to atoimc 
vibration is half kinetic and Jtalf intent iol las in small vibrations hand th^ 
tbS"c aLgies of the atom of U« solid 

iSual at tL «mo tem|)eralu« (MaxwcU's Uw -f ^q«ea ef «W). 
Boltzmann ( 1871 ) 8l.o»-«l ll.at ,l.ealo.nic hat of tljo «lid shoi.ld be 
that of the monatomic gas. via. 2 * 3 = 6 g. cal. IP- 

The present rxceptioa* to Duloog sad Petit's Uw (which give atomic 

Ihe pre c.-ii -re elements of loio atomic weight and high 

than fi*3. 
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Tablb of Atomic Heats 

Atomic Itcat = 




Specific heat. 

Atomic wcijtht 

Element. 

Atomic weight. 

(30* to lOV*). 

X Specific heat. 

Arsenic • 


74*96 

0*0827 

6*22 

Bismuth • 


20S*0 

0*0303 

6*30 

Bromine (solid) 


79 92 

0*0705 

5*63 

Calcium • • 


40*07 

0*149 

5*97 

Cobalt • • 


58*97 

0*1030 

6*03 

Copper 


63*57 

0*0928 

5*90 

Gold 


197*2 

0*0316 

6*23 

Iodine 


126*92 

0*0324 

0*64 

Iron • 

A 

55*84 

0*1096 

6*12 

Lead 


207*2 

0*0309 

6*41 

Lithium • 


6 94 

0*94 

6*52 

Magnesium 


24*33 

0*2492 

6*06 

Mercury (lolid). 


200*6 

0*0335 

6*72 

Nickel 

• 

58*68 

0*1084 

6*36 

Phosphorus (white) 

* 

31*04 

0*1981 

6*20 

Platinum • 

• 

195*2 

0*0320 

6*25 

Sibw 

• 

107*88 

0*0560 

6*04 

Sulphur • 


32*0$ 

0*175) 

6*61 

Tin • • . 


118*7 

0*0556 

6*62 

Uranium • 

. 

238*2 

0*0380 

0*07 

Zinc • . 

, 

65*37 

0*0944 

6*17 


Atomic wolfbU from specific heats. — Du long end Prtit's law gives 
an approximate value of the atomic weight of a solid clement : 

Atomic weight «6*$-rS|>ecific heat. 

A volatile chloride of uranium has tlio percentage composition : uranium, 
52*66, chlorine. 37*34. The equivalent of uranium, the weiglit combining 
^vith 35*5 parts of chlorine, is 02*66x35*5/37*34 3 50 .5.5. The vapour 
density of the chloride was found by Zimmermann to lie 101 (H = I ). hence 
tlie opproxitnate molecular weight is 101 » 2»$82. Hiis contains 37*34 x 
382/100 s 142*5 parts, nearly oqiial to 4 x 35*5= 143 parts or four atoms of 
chlorine. The formula of the chloride is U,CJ«, witore s= 1. 2, 3. 4 ... etc. 

The weight of uranium in a molecular weight of the chloride is approri- 
ffi<Ue/y 383 - 142*5 = 339*5. nearly equal to 4 x 59*55 s 23S*2, i.e. four times 
the accurately determined equivalent. Thus U^s 236*2. It has still to be 
decided whether this is the atomic w'eight of uranium, or a multiple of it. 
The following formulae of the chlorido are possible : 

fr'ormula. At. wt. of tVanium. 

UCh 238*2 

VtO, 119*1 

U»a, 79*4 

U*Cl, 59*55 

The speeihe lieat of solid metallic uranium is 0*0276.5 ; hence, by 
pulong and Petit’s law, the atomic w*eight of uranium is approximately 
6*4.1. 0*02766 = 232. This shows that tlie exact value is 238*2, and hence 
the formula of the chloride is UCI*. 
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It must be noted that the atomic weight from Dulong and Petit 'slaw 
is only approximate, and is used to decide on a multiple of the exact 
equivalent. 

Atomic heats at high temperatui^.— Weber in 1875 found that the 
speciBc heats of boron, carbon, and silicon increase fairly rapidly with 
temperature, and the same was found for beryllium by Humpidge 
in l8Ho. 


DiRmen<i. 

Graphite. 

Boron. 

Silicon 

Bervilium. 

•C. At. ht- 

•C- At. ht- 

*C. At- hi. 

•C. At. ht. 

•C. At. 111. 

- 51) 0w6 

-60 l“37 

-40 Ml 

-40 3 81 

0 3 42 

10*7 1“35 

108 192 

26'6 2 62 

216 4 75 

100 4*28 

56*3 184 

013 2 39 

76“7 3 01 

80 .5-32 

200 4*93 

140 2U6 

2010 3*56 

177 2 3 63 

184 3 5 03 

300 5 38 

247 3 03 

249 3 3'90 

233 2 4 33 

232 4 5 66 

400 S'Ol 

015 533 

040 $40 

— 


500 5“DS 

60K 5*44 

832 5“42 




080 5*47 

980 6“63 



— 


At high temperatures the atomic heats approach the normal value 
C*3 iFig. 181). The atomic beats of some elements, which arc normal 
at the ordinary temperature, also increase with temi>erature. The 



nil 



• 300 * 


Temple 

fio. lai. — AtomK- licAi curves. 


atomic heat of platinum in the interval 20“ - 1300“ is 7-Oi Those of 
SZm 0“. 100“ and 190“ are 4-83, 5-22. 7-22 and 9-54 

heats at low temperatures.— The atomic heats of all solid 
elements decrease to smaU values at low temperatures, some more 
Sv than others, and at the absolute zero ( -273“) the atomic beam 
arl probably all zero. In the case of diamond, the atomic heat j 
actuaUy aero at finite temperatures below -230 . 
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Blemeot. 

Atomic heat 

Atomic heat 

Atomic 

+ 20 “ to 100*. 

- 188 “ to + 20 *. 

- 253“ to 

Carbon • 

. 2-4 

1-15 

0-03 

Aluminium • 

. 6-9 

4-73 

1-12 

Silicon • 

. 5-2 

3-34 

0-77 

Iron • • 

. 6-4 

4-80 

0-98 

Copper 

. 6-0 

S-OI 

1-56 

Zinc 

. 6-1 

5-53 

2-52 

Silver • 

- 6-1 

5 51 

2-62 

Lead • 

- 6-4 

0-21 

4-9U 


The atomic heata of diamond are : 


Tampefalur© *0. • 896 $5 -41 -04 

Atomic hoat * • 5*45 2*13 0*86 0*66 


- 181 -23) -243 
003 0*00 000 



Fio. 162. — Atomic boats ot low tomporaturaa. 


Tlio following roauJta wara obtained by Kamerlingh Onnea and Kaesom 
(1916), at the tamporaturaa of liquid hydrogen : 

Lead. Copper. 

Temp. abs. Atomic beet. Temp. obs. Atomic heat. 

14* 19* 1-56 I5‘24* 0-0500 

22-31* 2-98 2l-506^ 0-1414 

46-26* 6-04 

The dependence of atomic heat on temperature ia shown for a few 
elementa in the eurvea of Pig. 182 from the ex|)erimenta of Kemat. 

The quantum theory of the specific heats of soUds.— The rapid fall in the 
epecific haaU of solids at low temperaturea, and the convergenco to zero 
near the absolute sero, is predicted by the quantum theory of Planck ( 1 900). 
According to this, the atoms in a solid do not taka up hast energ>- continu- 
ously but in hniia quanta. The value of the quantum c varies from element 
to element end is equal to hy, where h is a universal constant equal to 
6-6 X 10“’ erg soc.. known as Planck’s constant, and v is the atomic frequeacy, 
characteristic of each element, and the frequency of atomic vibration in 
thesobd. 
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Tli« deviations *' from Dulong aivt Petit's law at low tomperaturea are 
explained by t^e thoorj* ; this law is a limiting case of a more general law, 
and is approximately true only at higher tern petal uree. According to 
Einstein < 1907) the atomic heat of a monatomic solid element is given by 

Atomic heat = 3R — 

(«»-!)• 

where j* = bv/kl*. b being Planck's constant and k Boltzmann's constant, or 
the gas constant per moltcuU, R.N, where R is the molar gas constant 
in absolute units and N is Avoga^lro's number. 

The atomic heat in this formula is that at consUnt volume, C^^Ac^, 
whilst Ihoee in the table on p. 345 are at constant pressure, C^ = Ac,, end 
axe rather larger than the theoretical value. 




FlO. l63.^Knergy distribution Kio. 184.— Rnergy distribution 

among aluminium stomii at 300* among lead stems at 300* abe. 

aba. 


It follows that witen v (and therefore r) is very small and T b not too 
small, 1 -i* ar, hence x*e*^(e* - 1 )*— 1, or the atomic heat is 3R, the value 
required by Dulong and Petit's law, since in heat units (p. 121) Rb 1*983, 
hence 3Rs5*96 g. cal. /I*. The atomic heats at constant volume. 
are often in good agreement with thb value (G. N. Lewb, 1907). 

The increase of above 3R » $*90 at hi^h temperaturse b due to the heat 
capacity of the electrons in a metal, and theory showe that in such a case 
C * 3B 4 - or (C>0). Thus the curves when extrapolated to T ^ 0 should 
giW the value 6*90. Thb ie confirmeil for platinum and copper. 

When the quantum b large there b less energy abeorberl than if abeorp* 
tion were continuous, and the atomic beet b abnormally low. These results 
are shown graphically in Figs. 183-4, in which the ordinatee give the number 
of ouonta absorbed end the abscissae (in wliich S\ atoms out of a toUl of 
N. have no energy'. N, - .V, have ono quantum {«). N, - A’, have two quanU 
(2<). etc.) are such that the area under the curve b proportional to the 
ATienrv content. The continuous cur>*e represents the result for continue^ 
abao^tion (tolal area = 3BT ; Dulong and Petifa law). It la Been that the 
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sliacieH ar^ (quantum abaorpttonj is only a small fracti'm of that nniler the 
curve wii«n the quantum is large (aluminium) but very nearly this area when 
the quantum is small (lead). This is in agreement witlk the hgiires in the 
table on p. 347. 

Avcoriling to Debt's (1912) the atomic lieat of a sttlid at very low tern* 
peraturcs Is proportional to the cube of the absolute tom(»erature, .’Vt. 
ht. saT’. This was confirme<l by Xemst anc] othora. 


Molecular beat of a compound.— >An extension of Du long and Petit's 
law was made by F. Neumann in IH31, who found that fhe specific fieaU 
oj siAid compounds of similar compositioh arc inversely proportional to 


their moUeular weights. Thus : 

Molecular 

Sperifle 

.Molofular 

Substanre. 

weight. 

iteet. 

heat. 

Calcium carbonate. CaCO^ • 

• 100 

0*2044 

20*44 

MegTMsium carbonate, MgCO, 

84 

0*2270 

19*1 

Ferrous carbonate. FeCO» • 

• 116 

0*1819 

21*1 

Zinc carbonate. ZnCO, 

. 125 

0*1712 

21*4 

Bariiut) carbonate, liaCOy • 

. 196 

0*108 

21*1 

Lead carbonate, PbCOa 

. 266 

0 081 

21*6 


The aolecuUr beat of a solid com|)Ound is the s{)ecilie heat multiplied 
by the molecular weight, and Neumann's law shows tfiat the moltcuUtr 
heats of aim dor compounds are equal. The molmdar heats of the 
carbonates of the general formula RCOj arc approximately 20 ; the 
sulphates RSO4 of the same metals have a molecular heat of about 25. 

The relation bettveen Neumann's and Dulong and Petit's laws w'as 
pointed out by Joule in 1844. Joule’s Uw (often callc<l Woestyn's taw) 
states that the mofeeu^ar heal of a solid compound is fAe sum of the alotnic 
heats 0 / its constituents. 

This was confirmed by Kopp (1865). It indicates that the heat 
content of a solid resides in its atoms. With gases the case is difieront, 
since the kinetic energy of the molecule is pnMominant. 

The molecular heat of lead iodide may be caleu|ate<l froin the sum 
of the atomic heat of lead and twice the atomic heat of iodine : Pbl,a 
6*41 + 2 K 6*04 « 19*69. The obaen'Od value b : (Pb + Sl) x sp. hi. of lead 
iodides <207 4* 2 X 127) « 0*0427 = 19*08. 

Joule's law gives the atomic heats of elements in the solid state in cases 
where these cannot be directly determined. 

Speci(ic heat of silver chloride = 0*091 ; molecular heat of AgCIa 
0*091 X (108 + 36*5) = 13*01. Thb b the sum of the atomic heats of silver 
and of solid chlorine ; hence atomic heat of solid chlorine 

= molecular heat of silver chloride ^ atomic heat of silver 
s 13*01 -6*04 sQ.97. 

From the molecular heats of compounds. Kopp deduced tlie followincr 
atomic heata i ® 


Boron • 

• 

- 2-7 

Phosphorus • 

. 6*4 

Carbon • 

- 

. 1-8 

Sulphur 

• 5*4 

Silicon • 

• 

. 3*8 

Oxygen 

- 4*0 
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These agree wjth the determiAed vaUies at 0®-100* (except for oxygen), 
qU hough tliey nre aU abnormal. The abnonnal atomic heate are therefore 
preserved in combination. 


CR Y5TA LUN3 APS Y 


Crystals. — A distinction is drawn between cryslallint and amorphous 
substances. The most obvious difFerence is that of txUmal form : 
amorphcni!* solids are found in irregularly^sliaped pieces ; crystals 
usually hare <lcfinite shapes. Another difference is in the fraotvre : 
crystals break into pieces with plane faces meeting in sharp edges, 
whilst amorphous solids such as glass or pitch break into very irregular 
pieces, showing curved faces with concentric rings such as are seen 
inside an oystcr<shell. These two kinds of fracture are known as 
crystaliine fracturt and (onchoidal Jraeturt^ respectively. 


With the exception of crystals of the regular 8>'8tem (see below) all frag* 
monts of crystals act on polarised light, and if the {mwder is exatnined under 
a microsti>]>e so that the light enters a pair of crossed Nicol prisms, and 

is therefore totally extinguished, light passes through 

f t he interposal cr 3 *stal grains, which are seen coloured 
on a dark grouml. Again, if a crystal of gypsum is 
toxiched with a red 'hot needle on one face, a white 
patch of anhy<lroua calcium sulphate develops (Pig. 
185): Cah0«,2H,0»C'aS0«*h2H,0. This patch is 
sUiptical, showing that heat is conducted more readily 
in one <lirection than In Uio )>orpendiculsr direction. 


Kig. lW.-Gyr»um ^ye thus rccogniKe definite uatamsl stnicturs in the 
onwinmcrry.”*^ ** crystal, which determines the outer form. Even 
* * if the outer form is destroyed by powdering, the 

internal structure remains. If the above experiments are tried with a 
piece of glass, no light passes the crossed Nicols, and if the glass is 
coated with (Miraffin wax the latter is melted in a circular patcfi when 
touched with a hot needle. The internal structure is more important 
than the external form. 

The i n I c mal st ruclure of a cry st a I is d uc to a defi n ite , ordered arrange- 
ment of the atoms, ions, or molecules, and this arrangement can be 
detected by the effect of the crystal, even in powder form, on X-rays- 
The molecular structure is in general ay mme/nW — a definite pattern is 
repeated over and over again in definite directions in space, 
same way as the pattern of wall-paper in two dimensions. The 
internal symmetry corre.sponds with an external symmetry of the 

^^^Symmetry of ciy stale. — The .symmetry of a crystal form is determined 
bv recularities in the |»osition.s of the similar faces, edges, etc. A 
crystal having all its faces alike is a simple fonn : both the cube and 
ocubedfon in Fig. l«fi arc simple forms, because* all faces of the first 
are identical squares, and all those of t lie second are idcnticol equilateral 
frianirles. A crystal having sc*ts of faces coiTcs|K>nding with two or 
ujore^simole forms is called a comWootiPo fMta : the crystal of galena 
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shown in Fig. 186 is a combination of tho cube and the octahedron and 
contains sets of faces derived from each. 

The regularities in the positions of faces* edges, etc,, are denne<i in 
terms of pUscs of syniMCrp. sses of symmetry* and a centre of symmetry. 



t 

1 

t ♦ • • * 

p 




Cuba. 


Oetobedroa 

Pio. 196. 


ConibiMi loe cube 
Aful of<*hHroo. 


Kig. 187,— Kp«)m 
i.«l( CryutuL 


• , 
'1 • 

1 

4 

uJ 


Fig. 1 88. --Axis of 
Hymirxctry of cube. 


A plane of symmetry divides a perfect crystal into two si mi I nr and 
similarly* placed halves, each the mirror-imago of the other. Thus, 
a crystal of gypsum is divided by the plane shown in Fig. IH6 into two 
such halves, and this is the only plaxw? of symmetry pojwosscd by tlic 
gypsum cr>'staL An B*fold (or n-gonal) axis of symmetry is an axis 
such that a crystal rotate<l anmnd it occupies the same position in 
^ce n times in a complete turn. Die axis shown in 
^g. 188 la an axis of fourfold symmetry, since the 
cube takes up the same position four times on rota- 
tion through 360^ about this axis. Axes of two*, 
three*, four*, and si. x- fold symmetry occur, when 
the crystal comes to occupy the same position in 
space 2, 3, 4, or 0 times in a complete revolution, 
t.e. on rotation through 180*, 120*, 90®, or 60*. 

The Epsom salt crystal in Fig. 187 apfiears to 
have an axis of ftro'fold symmetry. But if tlie 
right-hand upper sloping face is r^ate<l through 
00® and then suppos^ reflected in a horizontal plane, ue obtain the 
lower left-hand sloping face as a virtual image. This crystal is said to 
have an aUernaling axis oj four/otd tifmtnfiry. 

A polar uu is one such that the groupings of faces about its two 
ends are different. Die quartz cr>‘8tals in Fig. 346 have |x>lar axes. 

A crystal has a centre of symnietry wlicn like 
faces are arranged in pairs incorres|>onding posi- 
tions on opposite sides of a central |>oint. 

A cube has 9 planes of symmetry (Fig. 180), 13 
axes of symmetry (3 of fourfoUI. 4 of threofokl, and 
6 of twofold sj'mmetry), and a centre of symmetry. 
It has 23 ekmesU of S7aim«tr7. the higheet number 
possible in a crystal. Some crystals have no plane 
of symmetT)*. otliers no axes of symmetry, others 
np centre of sj-mmetry, and some hove no element 
of symmetry* at all. 

The crysUUographic symmeir)' depends bn the internal structure and 
need not correspond witli the geometrical symmetiy* except in tho perfect 
crystal, since the crystal may have certain faces developed to u greoter ex- 
tent than otliers. The angles between the faces, however, are the same both 



Fio. 180. — Planes of 
symrootry of eu^. 
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in the ideal crystal and in the distorted cr>*stats. and these angles ara im* 
IK)rtant in determining the cr> stal form. The angles between the faces of 

the perfect and distorted octahedra in Fig. 190 
are identical. 

This law of consUst lAterfscisl aogles was 
enunciated by Nicolas Steno in 1669. It is 
approximate, since slight differences in inter* 
facial angle may occur in different crystals of 
the same substance. 

Crystal systexEis. — A simple classification 
of crystal forms is into crystal systems. 

Fio. lOO.^Tdeal and dis* related to the crystal axes. The position of 
torted octeho<lfft, showing any crystal face is defined by intercepts 
“®'“ ‘*‘''**" >n»de on thre« axes intcrsceting in & point 
inside the crystal. If a suitable number of 
axes of symmetry exists, three may be chosen as crystal (crystaUo* 
graphic) axes, but the latter need not be axes of symmetry. 

Six types of cr>'8Ullographic axes are usually chosen : 

(1) Thru ufual axu ai right anglt* : this correeponds with the cubic or 
regular system. 




Fic. IVl.^TiiakisoctahedroB 
(threO'fsced octahedron). 


Fig, 192.— Icosi* Fjo. 193.— HexaluMclahedron 
totrabedroa. (siz.faced octalirdron). 


Fig. 196 I. shows the 
regular octabedroo. the typi- 
cal pyramid fora of the 
regular systemi and the 
cube, the typical phsm 
form. 

The other simple forms 
of the eyatem are the 
Criakisoctabedrofi {Fig. 191), 
the icositetrabcdiofi (Fig. 

192), tho bexaktsocUbedron 
(Fig. 193 ), thorbombdodeca- 
bedjoD (Fig. 194), and the 
tetrakisbezahedroB (Fig. 195). 

Combinations of these forms also occur. 



1 94.— Rhombdo d e c a- 
heviron. 


Fig, 195.— Tetrakia* 
hexahedron (four* 
fared cube). 


(2) Tw> equal axu muting of rigUl attglu and a third longtr or ihorUr axta 



CRYSTAL SYSTEMS 


-xxi) 




fneelifitj these ot right an^es. This const ittilSd the Utrageaal system. Ty[)icai 
pyramid end prism forms areslmwn in Fig. 106 11. There are two <»p<ior- 
of pyramul and prism forms, according os iho horizontol axes tcrminiito 
at the angles or the middle point of the faces. 

If the length of (he vertical axis is <ienoted by c an<i the IcogtliH of tlio 
horizontal axes by a and 6. with appropriate signs, the cubic syetom may bo 
denoted by (a a a) and the tetragonal system by (a a c). 

(3) In the bcugooiJ systeca there are /our axes, three equal und interscctin/j 
in the same plane at angles cj liO^. and a ftwrlh axU, greater or less than these, 
at right angles (a a a e). There are two types of pyratnid and prism forms, 
according as tho lateral axes meet angles or ilte mid •points of facoe. Typical 
pyramid and prism forms aresliown in Pig. 196 111. 



VrUoi. PynmW. 

I. BsooLia 



PHuo. l*yrftnil«t. 

II. TsriueuKAt. 



Prim. 


FyyiBM. 


m, BssseosAt. 




frtsa. PrT«mlti. 

IV. hBovnie. 



Fio. 1 96.— .Crystal STstems. 


(4) In the rhombic ryttem there are 
three unequal axes all at right angles 
(a b a). Any one may bo taken as 
the vertical axii (c). the other two 
being then Uteral aies. The longer 
lateral axis is the macre-juds. the 
shorts the braeby«SKli. 


Pyramid and pHsm forms exist (Fig. 196 IV.). and new types of faces 
known as domu and pioakoidr appear. Prism faces developed parallel to 
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UftCtOJoDM. 

Kio. li)7. — Dome 


Mirh)'<leme. 
inO pinakoiti facee. 


[CHAJ 

one of (lie Internl axes, ami uiteraectiiig the other two axes, are dome faeei. 
Th<^e pumllel to die longer or moero-oxis are maerodoaes ; if parallel to 
the :«Unrter or bmchy>axi3 they are brachrdeues (Fig. 197). 

Pri.sjit intoriseetUig one lateral axis and parallel to the other two 

axOK are pisskoid facts : mtcropioskoids intersect the macro*axis and braeh;* 

pioak old s the brachy ^ax is. These 
are the diamond 'Bhoped end 
faces in Fig. 197. In Fig. 19k 
1 representing a cr>'8ta 1 of barytes 
BaSO^) the faces marked 010 
constitute a macropuiakoid» in 
tills case a bessl piQskoid ; the 
faces 101 are mocrodomea. 
The faces belonging to the prism 
form are marked 001. This 
notation Is explained later. 

(5) In the meaecUoie spittm there are thrtt axts cj different lengths , two 
intersecting at an oUtgue QngU, whitst the third is at right angles to the jiUtne 
oj the other tu'o (Fig. 100 V.). Pyramid and prism hirme. pinaUoids and 
<]omea occur. The vertical axM U ileiioted bye : the6*axis or orlbO'Bxii is 
at right angles to die vertical axis, whilst the inclined or o>axis is the eUaO' 
BUS. The angle between the vortical axis and clino*axiB is called the takle^* 
(U) In the trlcUoic system tliere are three unegitol axes intersecting one 
another ohiiguetg (Fig. 

19C VI.). One of these is 
selectcKl as the vertical 
axis, the other two are 
the macro 'Uxu* (longer) 
and the bruchy-axis 
(sliorter). The three 
angles between the axes 
are a, V> 


no 




101 

L-. 

001 

■ 


X 




^ 0 


\ \< ' 

✓ 

• 

/' |;lj 
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Fio. 198.— Barytes erytUl. 

Sometimes the rhombohe<lral a.v'Stem is taken as a seventh separate 
crvetol system, but it is here rcgarderl as containing hemlheilral forms 
(see below) ilcrived from the hexagonal system by suppreeeing half the 
fm es- If all auch <lerive<l form* were put into separate classes, the 32 
«)itunetrv groii|>s (p. 357) woiiUl be obtaine<l. 

Most rninerols belong to (ho monochnic or rhombic systems ; of 566 
minerals liste<l by Reckenkamp, l«fi were monoclinic, 155 rhombic, 83 
regolur, 51 rhomboliedrol. 36 triclinic, 32 tetragonal and 20 hexogonal. 

HemihedraJ forms.— Those forms in any system wliicli have (he full 
number of faces required by tfie symmetry of the system arc called 
belobedrsi fecoa- If onlv half this number of faces arc present, the lorra 
is know'ij as bsmikedral. Forms having only one quarter the full number 
of faces required bv the .symmetry of the .system are calk'd (tUrtebsdfdj 
(In the modem classificnikm into symmetry groups, these are lioJohcarai 

forms in separate classes.) , ^ r * 1 .^ 

* A iiemihc*dral form is produced by suppressing half the faces of the 
holohedru! form and producing the remainder to meet m new edg . 
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Fig 19d shows the form obtained by producing altornato faces 
of the regular ocUhedroo : it is the regular leifabedren, Ixaving 
four faces instead of eight. The letra* 
hedron is the hemihedral form of the 
octahedron. 

Important hemihedral forms occur in 
the hexagonal system. By developing 
alternate faces of the hexagonal pyramid 
(Fig. 200) tlie positive or the negative 
rbeabohsdroD (Fig. 201) ia obuined. 

From the dihexagonal pyramid with 24 
faces, obtained by the combination of two 
hexagonal pyramids, two kinds of herni* 
hedral forms are produced : (i) aup^iree* 
sing alternate pain of faces (Fig. 2021 
gives the scsleaobsdroa (Fig. 203) i (ii) 

suppressing alternate faces (Fig. 204} gives the trspssobsdroo (Fig. 206) 



Pio. 19!).— Kelation of totr^ 
hedron (hornihodral form) to 
oeiahodroit (liolohodra) form). 




Fio. 200. Flo. 201. 

Hexagonal Poeitive Negative 

pyramid. rboenbohedron. rhomlMhadroa. 


The peculiar xig>xag 
fonns of the lateral oclgos 
of thesealenohodron and 
the trapexohc<lron will 
be observed, whilst the 
coiTseponditig edges of 
the holohodral forma He 
in a plane. Post ( i vc and 
negative hemi]io<lral an<l 
also tetartohedral forms 
occiw, which are not 
considered here. 



TiQ. 202. Fio. 203. 

Bihsxagonal Sealeoohedron. 
pyramid. 



Pio. 204. 
Bihexagooa] 
pyrai^. 



Flo. 206. 
Trapozohodroo. 


blany of these forms occur in natural crystals of calcile (C^aCO.) and 
sometimes m twin crystals (p. 360). so that they often differ completely in 
appearance. ^ ^ 
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Twio crystals. — Two op more individual cp>*atal8 may grow in contact so 
that neither ia complete, and (wio ctfiitlt (Fig. 206) are formed. The two 
cp>'8tals may coalesce except for a few facee, ee in Fig. 207. 




Fluonpw. Gyptueo. 
Flo. 2U6.— Twin cryelala. 


right* and ]ofC*handed 
quartz. Partial amt 
coinpkta interpenetra- 
tion. 


Crjstaliographje ncU- 
tloa. — The form ehowTi 
in Fig. 208 contains two 
sets of faces, the set 
<1. 6. c and the face o. 
Through the centre 0 
Fig. 207.— Twins of draw axes O.V. OY, OZ 
parallel to the faces. 
These are the erpitsUo* 
grspbie axes. In the 
general case (for a tri* 

clinic crystal) they will be oblique, and the angles YOZ = a, XOZ^fi 
and A'OFsy w’ill not be right angles. Each prism face cuts one axis 
ordy. since it U parallel to the other two. and the iatereepti are the 
dHtiinres a, b and c from 0. If w*e imagine the face o extended in all 
<iire(ait>ns it w'ill intercept all three axes : whatever the size of c its 
intercojits will remain in the same ref /os. Tliese ratios, generally 
denoted by a tb:c for the intercepts on the t, y and : axes, acre 
called by Weiss (181$) the parsDSirsl ratios, the face e being the pars* 
netrsl plane. For the other pyramid 
faces the |>arometral ratios are a : - 6 : s. 
a : 6 : ~ c and o : - 6 : - s. 

In rtf/ cosee (whether the axes are rect- 
angular or inclined) it ts foiunl that if o 
is an actual crystal face, tlie intercepts y'.^j 
oCon*/ of/ftr actual face on the cr>'atai can 
be expressed by the ratios nm:nb:pc. 
where n, p ere either small miionol 
numb^rt or Iniinity. For example, 
the i)rism face b makes intercepts 
» a : lb : ae c, Since it is parallel to OX 
and OZ sn<l its intercepts are infinite, 
whilst it cuts OY at a i)oint which may 
bo taken as the intercept of a face (shoa*n 
dotted as the triangle A B C) parallel too. 

This law of raiioosl iotsrcspti was impliocl 

in the attempts of Haiiy since 1781 (A'seo/ d'unt Thiorit tur la Struciun 
lies Cr^glaux> J7B4) to show that <lerive<l forme may be ppoducetl by the 
decrements of successive layers of wl»ot he called integrant tnolccules, the 
form of which is that of the cleavage figure. TJie forme of n)ck-salt, 
for example, are pr»xluced by i»acking the liypothetical cubic *^^*^J”* 
moleculee together, and tlie development of an octahedral face ABC is 
shown in Fig. 209* 

Haiiy's ides w'as <leveloped mathematically by Bravaie (1848), who aho 
recognisc<l the relation between the arrangement of the particlee and the 
cleavage of a cryaul. He replaced the idea of a jvickmg of integrant 



Fro. 208-— Crystallographic 
azoe. 
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molecule byastrucUirein vhich tite ultimate par(iHM,wlu<*h are oanxidomi 
as splieres in contact, are arranmKj in a space lattiet. of w]m*]i J>o rrc'ci^tusoil 
14 types. By conai<lerinj? the grouping of 
points (repreeetding the centres of atome) In 
space lattices (Fig. 210), it has been alion-n 
that there are 230 general U«i ty|ies, such 
that the assemblage around any selected point 
is the same as. or the muroromage of, the 
assembitge aro\in<l any other point in the 
lattice. These 230 types may be allocalad 
to classes according to symmetry. It is fo4ind 
matliematic-oUytlialtliereareSipoMiblocorr. m-Intagrant molo- 

binations of the elements of symmetry In cuJes according to Hauy. 
cr^*stais ol>eying the law of rational intercepts. 

so that if we a<ld ths cose wliere there are no elements of symmetry, 
we obtain 32 sramsUr croups. Of tlieso. eleven include nearly all tlio 
common crystalline aubsUnces. The question as to what )>artic1eA occupy 

the lattice points can now* be <lecidod. in principle, 
by X*ray analysis. 

In the usual or Miller siiu& (1839) of crys* 
tallogrephic notation, the axial ratios a : 6 : c ure 
first calculate*! from the mtertnciivl angles ; the 
intercepts « a : 16 : ac c, for example, are then 
a b c 

written g • j • q* denominators enclosed 

Fio.210.— SpsceLsttioe ^ * bracket are the Miller inOicei of the facer 
of sodium chloride. (01^) tbf tlio face b and (111) for the face o in 

Fig. 208. In the case of negative indices tho 
sign IS pieced over the index: (111). 

As an example, consiiler U*e triclink potassium dichromato cr>'stal in 
Fig. 2U. Theeiigse selecle<i for the directions of the throe crystallographic 
axes OX, 0 F. OZ are the intersections of the facee B and C, C and A, and 
A and B, respectively. Hence 7 

the faces A, B and C will have 
the indices (100). (010) and (001) 

respectively. The parametral ^ 

face chosen, giving the basic ratio C ^ ^ ^ 

fl : 6 r c, is p, and since it cuts the 1 V ^ 

exis OZ at its negative end, ite ^ \ \ 

indices will be (111). The ratios V Y 

0 : 6 5 c and the angles a, fi, y L " 

between the axes (a^YOZ; 

fi^XOZi y«X0F) are ealcu- ^ | 

letad from the different angles ir.- 41, 

which these four facee A, B,C PoUsaium dichromato crystal, 

and p make with one another. They an o : fr : e= l-one • 1 • 1-8410 • 
« = ^0- fl = 90- 13-. y=«,- 61'. ,It is eustomsTy to put the 6 iii 

ratio equal w unity, tlw ratios for the a and e exes ^ing adj.eted 
to eorrrapond wtth this). The indices of the remaining fscel are 
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then fotmd to be (ae they are lettered in the figure}: 
i'(lOl). m(U0). R(ll0h 9(Ollh <(012). o(ill). obeying the law of 
rational intercepts. 


Isomorphism. 

Isomorphism. — The Abbe Haiiy (1743-1822). the founder of crystal- 
lography, laid down as fundamental axioms that : (i) identity of crystal’ 
line form (except in the regular system) imptiea icUntity of chemical coin- 

position ; and conTersely (ii) 
difference in crystalline form 
implies difference in chemical 
coMjwition. 

Exceptions were known. 
Klaproth (1788) showed that 
calcium carbonate crystallises 
in tfie hexagonal form as cal* 
cite and in the rhombic form 
as aragonite. Koine dc lisle 
(1772) observed that copper 
sulphate and ferrous sulphate 
crystallise from mixed solu* 
tions in the form of the Utter. The alums have the same crystalline 
form but differ in chemical composition (Fig. 212). 

Mitscherlich (1819) showed that phosphates and arsenates of similar 
composition and containing the same amount of water of crystallisation, 
have almost exactly the same crystalline form : 

Na,HP0| I2H,0, dUodium hydrogen phosphate. 

NaiHAsO^ + 12HtO, disodium hydrin arsenate. 

In the case of NaH.PO^ -i-HsO and NaH,As 04 + H,0 the ordinary 
crystalline forms differ, but the phosphate sometimes crystellises in 
a iform identical witlx the common form of the arsenate, , 

Mitscherlich pointed out that the existence of rhombic and monoclinic 
sulpliur shows that elements may have different crystalline forins- 
One substance (clement or compound) may have two distinct crystal- 
line forms, and is then called diBMphoni. If it has more than two 
forms it is called pclrnorphoas. 

Tlie capacity of different substances of crystallising in the same form, 
MitschcrUch called isonorphisiD ; substances crystallising in the same 
form are iiomorpbou#. Since many analogous compounds of phosphorus 
and arsenic are i.-iomorphous. tiie name was appUed to tlio elements 
themselves. Udoiwpbpa* form similarly crysUlHsing compoun^ 

with tlxc same elements or radicals, and can replace one another in 
compoiimU without essential alteration in crysUlline form- (It is not 
necessary that the free elements shaU have similar crystalline forms, 
although this may be the case.) 



Fio. 312. — Crystals of common alum (left) 
anJ chrotne alum (right). 
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31it6cli«rli€h at Hrst thought tliat the same number of atoms c<»mbinc<l 
in the same marmer produce ilie same c^^'st«lIule form, no matter what is 
the chemical nature of the atoms. This genera lisatioii was afterwards 
limi(e<l to the statement that an atom can be replacetl by another without 
producing a change of form only w)ien the elements aro alike chemically. 

Accurate mocsureinents of crystal angles showe<l. os Mitschorlicli con* 
jectured. that the law is only approximate. In 1812 Wollaston ha<l foimcl 
with the recocting goniometer that tl^ con*e»<|ion<ling angles in cnicito, 
dolomite, and spathic iron ore are 74^ 55', 73* 45', and 73* O'. Except 
in the regular st'stem. the replacement of an atom by an atom of an 
isomorphous element leacis to a change in cr^'stal anglea which may be 
small but may be several degrees. Haiiy’s first axiom is therefore correct 
in the strictest sense. 

Tutton 0893-1925) fouivl that the crv’stal angles in isomorphous 
sulplmteaand selenates of potassium, rubidium, and caraiiim change slightly 
when one isomorjdmus element (K, Rb, Cs, or S, Se) is roplocc<l by another. 
The change, expressed in terms of the ratios of the lengths of the nxoe a, 6 . 
c. depends in a regular manner on the atomic weight of the element : 

K,S0« o :6:c*0'5727 : I : 0*74)8 
Rb,80« a : 8 : e s 0*5723 : 1 : 0*7485 

Cs, 804 a :5:e = 0*5712 : I : 0*7531 

e : 6 : c « 0-5635 : I : 0 7319 

The other properties (molecular volume, refractive indices, coefficients 
of expansion, tltermal comiuciivity) alter with tlie cr>*sul angles, showing 
that the form is closely related to the nature of the atoms in the crystal. 

Isomorphous eUments. — It is possible to classify tlic elements into 
groups, the members of each group, capable of replacing one another 
without sensible alteration of crysUliine form, being called itomerphous 

SiSiDSOtS. 


I. Cl. Bf. I, F ; Mn (in permanganates, KiMnO« isomorphous with 
KCIO,). * 

II. S. Se ; Te (in tellurides) ; Cr, Mn, Te (in the compounds K,RO*| ; 
As and Sb in the glances MR,. 

III. As, Sb, Bi ; Te (element) ; P. V (in salts) j N, P (in organic bases). 

IV. K. Na, Cs. Rb. Li ; Tl, Ag. 

V. Ca. Sr. Ba. Pb ; Fe, Zn, Mn. Mg ; Ni. Co, On Ce. U. Pr. Nd 5 Er, 

Hg with Pb ; Cd, Be. In wit)i Zn ; Tl with Pb. 

VI. Al, Fe. Cr, Jin ; Ce, U in oxides R,0,. 

VIT. (Tu, Ag in lower oxides ; Au. 

VIII. Pt, Ir, Pd. Rh. Ru. Os i Au, Fe, Ni ; So, To. 

IX. C. Si. Ti. Zr, Th. Sn ; Fe, TL 

X. Ta, Nb. 

XI. Mq, W ; Cr. 

0 CCU« in VI 

tMii 

liAl(80.)..12H.0. KCnSO.)..12H.O, KF.<SO.)..12H.O. It occura ^ 
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croup II becAusp>of th© isomorphism of th© salts KjSO«, K,CrO„ K,MnO„ 
©to- Mangunes© occurs in c^oup \* because of tlie IftomorphUm of the 
carbonates CaCO*. FeCO,. MnC’O, ; in croup \'I because of the iaoinorphism 
of the spineU Icontaining ler>'alont Mn. Fc, etc.) ; in group II because of 
the isomorphism of KjMnO, with K,SO,, etc ; and in group I because of 
the isomorphism of KMnO* nn<l KCIO,. The relation between the 
valencies an<l the )>o^itions in the grou|4 is clear. 


Atomic weights from isomorphism. — The application of isomorphism 
to the deduction of atomic weights is based on the axiom that iwmor- 
phous eomponnda have timihr formulae. 

Potassuim sclenatc crystallises in the same form as potassium aul* 
pbate. hence Mitschcrlich concluded that its formula is KjSoO^^ corres* 
ponding with KjSOf. Prom its composition the atomic weight of 
selenium could then he caleulatetl. Ferric oxide » chromic oxide, and 
alumina arc isomorphous. The vapour density of aluminium chloride 
corres|K)nds witli the formula AICI 9 . The formula of alumina will then 
be A 1,0,. \Vc assume the formulae Fc*0, for ferric oxide and Cr^O, for 
chromic oxide, and from the compositions of the oxides the atomic 
weights of the metaU may be calculated. These are confirmed by tli© 
specific heats, which arc 6*1006 and 0104 respectively. 


A goo<l example of isomorphism is that studied by Roscoe in fixing the 
atomic weight of vanadium. The following minerals had the formulae 
given in the second column amigne^l to thorn by Berselius : 

Apatite, 3Ca»(P0di + CaF. 3Ca,(P0*), CaF,. 

Pj'romorphite. 3Pb,(POj, + PbC'l,. 3Pb,(P0d» PbCI,. 

MimetHe 3Pbd^UOd, + PbCI,. 3Pb,{AsOd, + PbCI,. 

Vanadinite. 3Pb,V,0, + Pb(‘l,. 3Pb,(VO,), + PbCI,. 

In these lead anti ralcium. end arsenic and phosphorus, replace each 
tither, hut the formula of vanadinite it different fixim those of tlie other 
eomjHumds. although the minerals ciysUllieo in the same form. Roscoo 
concluded that Herselius harl given the wrong formula to vonwiinite. 

By reinvestigating vanadium compouiuls Rowcoe was able to show that 
wliat was regarded as metallic vanadium by Berzelius was really on oxide 
VO. The formulae of the minerals, as shown in the third column, were then 
analogous. The atomic weight of vana<lium found by l^rielitts, 
the molecular weight of VO. omi the true value was 68 5 - 16 = 62;6. 
Roscoe found that the actual vanadium comfiounds u.«»ed by Berieiius 
containe<l |>hoaphoric acid, which is diflicult t<j soi«irate. By using pure 


comr»oun<l8 he found V- 51*4- . tju pi 

The minerala are now* fonnulate<l as Cnj^fPO,)!, Pb,CI(PO*)a* P * 


(AaO.)), and Pb^CKVO,),* 1 ■ nn 

Fomuli, of aaiier,U.-Sinco one cen parily replace on 

MUivolent amount of an ieoinorpho.is clement in a compound, 
^rmulo of tlie canpoun.l will not ..sually give a whole number of atoM 
ofTach iaomorpboue element. Spathic iron ore FeCO. may have ho imn 
iiortiv renlocci by bwinorplioue manganese. The proportions of t 
Ssmay vary from FeUg-^ percent and Mn = 0. to Fe = 0 and Mn- 


47'8 per cent. 
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Such an icoaMphous miitoro is represent«l by a foriniila suclt oa 
(Fe.MnjCO,, tha isomorphous elements cnclosei I in brackets behavina m an 
equivalent amotint of one element. The eiim of the atomic (irciporlinijs of 
Fe and Mn combined with CO,, must always be unity. 


Solid soluUons. — Isomorphous substances may crystallise tocether 
from solution to form homogeneous erystaU containin|! them in varinblo 
proportions. These are ealled aiied crntal** hut a hett<‘r name is solid 
solutions. Those are also formeil from a fuseil state. 


If chrome alum KCr<S 04 h»l*H ,0 and (mliciary |>otAsh alum KAHSOJ,. 
13H,0. which form deep purple nnd coUnirletM 0 ('tahe<iral crystals res pec. 
tivaly. are diseolveil tocethcr in water and the tii>hilii>n CTystMlIisotl, 
octahedral crystals coiitaininR both ahinw >«o|mrate. with colours vnryin}; 
from |>ale to deep piirjde according to the amount of chrome mIumi. 
Suhstancea which crystallise in tite same fonn but liohing to difFor<>ht 
chemical types do not fonn mixed crystals, or only to a limit o<l extent, 
wiiercas chemically analogous e<iin]M»\in<U may form mixed cTvstnls even 
though thecrN-sUl angles differ as much as 5^. the resulting crystnls 1 1 living 
angles between those of the <*4»rn[MmentM. 

Retgors 1IH89) considered tlio pro{ierty of forming mixeii crysinls an 
important criterum of isomorphism, also that the varmthui in the physical 
pro|>artiea of the mixed crystal with tlie pro|s»rtuin of its c<insiitucnts is n 
guide in deciding if the sulistancea are tnily isoinor])hous. If the s|>e<'ihc 
volume, i.e. the reciprocal of the density, is plotted aguiiist the pro|Hirtions 
of the constituents, the points must , acconling to Uclgers, lie on a st might 
line which shows no change of direct ion. The substance* may iwonly portly 
miscible, in uhich case there tea gap in the line, but if they are isomorphous 
one part of the line is a continuation of the otlier. 

There are many exceptions to Retgers * theory. Potassium and sodium 
chlorides crystallise In the same form an<l have j4lentical lattice* but do n(»t 
form mixed crystals. The capacity for forming mixed orysinls seems lo 
depend on approximate equality of tlie volume* of the structural units. 
Ammonium sulphate <NH,),S 04 . molecular volume 74, mixes in all 
proportions with rubidium sulphate RbjSO,. >l.v. 73. with potassium 
sulphate KjSO,. M-v. 65, and caesium sulphate Cs^bO*. >t.v. »S, wliilst potas- 
sium an<l caesium sulphates are completely immiscible, oithough they aro 
isomorphous. 


Orergrowth crystals.— If an octahedral crystal of chrome alum is 
suspended by a thread in a saturated solution of potash alum, a colour- 
overgrowth of potash alum is deposited on the violet crystal of 
^ *^'*^*^?** A green cr\'stal of nickel sulphate 
WibUiJHjO may bo covered with colourless zinc sulphate. ZnSO,. 7H,0 
Kopp (18/9) regarded the property of forming overgrowth crystals as 
characteristic of isomorphous substances, but except ions ore‘ known • 

on^riMaS^" ®°" ’ •" of l.exag- 

Appa^t exceptions to the 14W of isomoipJmm.-Apparont oxceptioi.8 

tte isomorph.8m are frequent. They are sometimes due to 

the existence of two or more vanetiea of a substance^morpbtoo or 
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pcl 7 morphism respect iTcly— only one of which, not the common form, 
is isomorpbous with the common variety of a chemically similar aub. 
stance. An example of this was disco veretl by Mitachcrlich, viz. the 
acid f)hosphate and the acid arsenate of sodium, one form being rhombic 
and the other monoclinic : NaHjP 04 ,Hj 0 and NaHjAs 04 ,HjO. 

In many cases isomorphism is found ^>ith chemically similar substances 
with clilTerent numbers of atoms in the molecule : ammonium salts 
containing the radical NH 4 are isomorphous nith potassium and sodium 
saltsS containine the atoms K and Xa ; silver sulphide AgjS in the 
mineral ftnjtntitt is isomorphous with lead sulphide PbS in galena, the 
two forming mixed erystals. In other cases, compounds which have 
the same numbers of atoms in the molecule but are not chemically 
analogous arc isomorphous : calcium carbonate CaCO* occurs in the 
same form (ca/erVe ) as sodium nitrate NaXO,, and Mg^i 04 and AUBeOi 
are isomorphous. Crystals of sodium nitrate form parallel growths on 
calcite crystals. 


Other examples of thb type of tsomorphbm are ehown in the following 
groups : 


( 1 ) Potnjuium periodate KIO 4 
Calcium tungstate C*aWO« 
Potassium oemiamato KOsOiN 

(2) Pot IMS ium sulphate KjSOi 
PotAMiuin beryllium fluurida 

KjBeF, 


(3) Potassiiun perchlorate KCIO, 
Barium sulphate HnSOi 
Potassium fluuborate KBF 4 

(4) Yttrium phosphate YPO« 
Ziix'oit ZrSiOi 
Tuulvne 8 nOa or 8 n 8 nO( 


In these groups the moleculea contain the same number of atoms, and the 
original idea of Mitscherlich that the form deiteiuU on the numl>er of atoms 
and not on their chemical nature, seems to l>e veriHed. 

These apparent exceptions to the law of is<»morphi.sTn receive an ex* 
plonation from the r«utlts of X*ray inve(itigati<jiis and the modem theory 
of atomic structure, as explsine<l in Cheptor XXlll. 

Tho X*rayexa»fu nation of rnixeil crj'j-tals (solid solul ions J has sliO'vn that 
they give a rljacrram very like thnt of both components nnd not n Muporposi- 
tion of the diagrams of the two. The replacement of one atom by another >n 
tho mixed crystal is rondom.a nd in the case ofalloysa umform dial ribtit ion is 
attained only after prolonged annealing, when the Atoms change places. 
It was found by Vegerd |102IMhat I bo length of side of tlie cubic lattice 
(Fig. 210) of n mixed cental of iwtassium chloride and potassium bromide 
i.H given by the linear reintion : 

a. =OKBt<P - I00)'100 +OKn/>'l^ 

where p i9 tho motor percentage of KCI in the cnstal nnd <?KBr “*|d agci 
are the Icngt hs of tho sides of the pola(*sium bromide nnd potassium chlonde 

Ionic size and crystal structure.— In a lattice formed of two ij-pes of atoms 
or ions A and B. the nutnber of atonw of B nrrnugc<l around any given atom 
of A iA culled tho crtfMoifogmphir mMination itHfHber of A (not to l»a con* 
fu<*wl with the coordination number in Werner's tlicor>' of coordination 
coinpounde. p- 417). It dcj>eti<ls on the radii of A and B, lorge atoms 0 
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ioHA permitting 4 greater number of ions or atoms to pack around tlicm 
than is tlie case with smaller particles. If r, an<l r, are tlw* mclii of A iiitJ H. 
the extreme ratios of the rarlil for \'arious coor<ii nation nnnil>ors uro : 

Coordination number 3 4 6 8 12 

Ratio 013 0-223 0-4U 0-732 1-<KI0 

The coofilinalion numbers 5. 7, 0. 10 and II arc eiicltu|c<l by geometry if 
the ionic charge-4 are to balance. For a iMiticular ion tlic 4 * 00 rdi nation 
number may vary with tlie other ion. o^^'^ng to tlio polari^ilhg action (p. 442). 

Elements of similar ionic radii and preferably, thougl) not necessarily, 
of the satne ionic cliargc. can replace one anotlier in eolids ; if the rmhi arc 
similor but the charges cUflerent. adiustment may occur in the lattice, and 
an ion o^ grenter charge is more readily included chan one of smaller charge. 
This explains why sonto elentents usually occur togotlkcr in minerals, and 
why. for example, in the crystallisation of magnesium minerals scandium 
occurs in tlie first crystals and lithium in the last. 



CHAPTER XXn 
THE PERIODIC LAW 


Classification of the elements. — In cUssifi cation, things are grouped 
according to similarity, those which resemble one another in some 
res|)ecta being placed together, and those which are dissimilar being 
separated, ^*arions criteria of likeness may be adopted, and things 
grouped according to one kind may be separated on the basis of 
a n ot her. I n t he best el assi fieat ion t h e t h i ngs grou ped together rcsem b)c 
one another in the greatest possible number of respects, each of which 
might serve aa a basis of classification. 

Metals and non-metals. — Tlie division of elements into metals and 
non-metals is convenient but rather arbitrary, because there are ex- 
ceptions to most of the definitions of each. The following table repre- 
sents the main features of difference, with the important exceptions : 


I. Physical DirraaBNCBS 
Noa-Mstals : 


(1) have ao lustrs (except iodine and 

graphite) 

(2) are not msDssMs 

(3) have so tenseU? 

(4) liave low denrltioi (below 5) 

(5) are poor eoadocion of boot 

(G> aro poor eoadoctors of oloetrioUp 
(except graphite) 


Metals ; 

< 1 ) possess a lasiro (except in powder 
form, although gold, bronse, 
and aluminium are luatroua 
even os powders) 

(2) are DtUesblo <<.«. can be ham- 

mered into eheete ; some 
motels. 4 ^. antimony and 
bismuth, are brittle and crush 
to poseder) 

(3) have toeacitr (i.e. in the form of 

wire they rosist rupture) 

(4) Itave bisb dootitior (se\erat ex- 

ceptions : lithium has a den- 
sity of only 0*53 ; eodium. 
polaa^ium. mogneeium, cal- 
cium. and aluminium have 
low densities) 

(5) are sood eoodactors of beat (some 

are not very good) 

( 0 ) aro seed condoecers of eleetrldtr 
(bismuth and mercury ore not 
very good) 
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II. Chemical Dipferen'ces 


Hoa-Metal3 : 


MetAls r 


<l) normally form basic oddes (c.^. 
NhsO. CmO, Fo, 0,>. hut Aorno 
am photcric ox i clca < 2! n O. A 1 ,0 j ) 
may alao art aa forbly aoi<|jc 
oxUlrs in prfaanre of stronp 
has«a, an<l a<imo motalljo 
oxiiles of hifilior vitlent’y 
MnjO.) aro acitlic 

<3> form bAloHfi coopouBda stable ta 
presence of we ter (K('l« I'ltCI,) 
or decomposed onlp (o a United 
eiteat. thO(l<^cr>mpoaitii>r) boiii^ 
re vent bio : 

HiCI, + H,0?i*in0n -f SHCI 

(3) are elMiropoeibee olomouta, Le. 
form cations : rnotnU nmy 
8<Mnotimea form part of com- 
pitt c«/one. t.g. Ag<CN)|' 

<4) forn complex lalti in which the 
motol in nometiinoa in the 
cation, t-g. an<i 

•omeiimoAin tUo nnion, c.^. 

(FotCNbl"", 

Early attempts at classification of the elameBts.— The olassificAtion of 
olemcnts aocorrlmg: to valencr is not satisfaclory, since: (I) the 
valency of some elements U variable : (2) elements havinp the same 
valency oftoti differ in nearly every other respect, t.g. sodium is a strong- 
ly elect rojmsitive metal and clilorine is a strongly electronegative non- 
metal. yet botli are univalent elcincnls. 

The most satisfactory system of classification and tlio one now' 
ndoptecl, was based in the first instance on fAe rclolion btUr^tn the 
pro)Hrt\uoj the eUmenh mid their atomic weighU. 

In 1817 and 1820 Dobereirtor noticed regularities in the atomic 
weigh ts of elements wh ich are chem ica lly alike. I n gro u i>s of f li rce su oh 
elements, the atomic wciglit of the middle elemont is approximately the 
mean of (he atomic weighU of the extreme elements. This is known as 
the lew of trisdi : 


( 1 ) form acidic oxides ic.y. 80). PtO») ; 
some oxides H,0, CO. 
N,0) are neutral 


(2) formbalogcD eonpoends eomplclolr 
dccompoacd bp water which are 
not true aalla (e.g. PCl^ : 
C'CI. is not (lcrompoHe<t by 
w’Ater) 

(3| are electroBCSAnvc elements (ace 
p. 2l8)i i.e. form aBieii? 
(H forms n cation), or else show* 
hanlly any elect rn>chcinical 
prof>ertiea (c.g. carbon) 

(4) iiaualiy do sot form complex aallx 
(boron ami silicon form com- 
plex fluorides KBF,, K^iF«) 


C135'5 + 1 127 
2 


•8l(Br»80); 


S32-fTel28 


.80(Sc-79). 


knfrr «" ‘'le eleraenu in lri«,ls. an.l Polten 

kofer ( 850), Kremers. Gl*d.t-.r.e. and Duma, also attempt«.l to lin.l nritl. 
mMical relation* omong tlie atomic weighs. Da Chancoortois in I80; 
arrangad ti.e alament* m the order of tliair atomic v^aiglita in a spira 
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d vdrticfti cylintlor, divi<ied into sixteen vertical strips i and found 
(hnt simiitir elements fell on the same vertical. The “ De Chancouitois 
helix was a precursor of the Periodic Law. 

Newlnncls in 18C4 said that if the clemcnU are arranged in iht ordtr 
of atomic utighls, ** the eighth element^ starting from a given one, is a 
kind of repetition of the first, like the eighth note in an octave of music>" 
and he called this the Uw of octaves : 


1 H 

2 Li 

3 Be 

4 B 

5C 

6N 

70 

8 ¥ 

9 Na 

10 Mg 

11 Al 

12 Si 

13P 

14 S 

15 Cl 

16 K 

17 Ca 

l9Cr 

18 Ti 

20 Mn 

21 Fe. etc. 

This is 

based on 

what are 

now 

called the atoode 

fiombtrs of the 


elements, but was not very satisfactory since manganese, for example, 
does not resemble phosphorus. Netvlands pointed out that regularities 
appear only when the atomic weights derived systematically by 
Cannizzaro (p. 108) are used, and his tabic contains the germ of the 
Pcrio<iic Law. 

The periodic Uw. — The periodic law, which is the basis of the modern 
system of classification of the elements, was put forward independently 
in 1800 by Mend dee ff in Russia and in 1870 by Lotbar Meyer in Oer* 
many. (Odling in 1805 had arranged the elements in a table which 
resembles Mendel^fT's table of 1800.) 

Men<ich^fl says his basic idea was that Uiere mutt be some bond of 
union between mass and the chemical elements : and as the xziass of a tub* 
Stance is ultimately expressed in the atom, a functional dependence tliould 
exist an<l be <]iseoverable between the in<iividual properties of the elements 
and their atomic weights. But nothing, from mushrooms to scientific 
dependence, can be discovered without looking and trying, So I began to 
look about and write down tl»e elements with their atomic weights and 
typical properties, analogous elemenU. and like atomic weights on separaM 
car<is. an<l this soon convinced me that the pro/jerliee of the eUwenU are in 
periodic dependence upon their atomic tcei^hU ; and although I have had my 
doubts about some obscure points, yet I have never once doubted the 
universality of this law, because it could not possibly be the result or 
chanco.” 

The original statement of Mendeleeff (1869) includes practically the 
whole content of the Periodic Law. It is given in eight paragraphs : 

(1) The elements, if arrangwl according to tlieir atomic weights, exhibit 

an evident 7^ na/»ciry nf profiertiea. , . u 

(2) Elements which are similar as rcgartls tlieir chemical properties nave 
atomic weighU which are either of nearly the same value IpJetuiuin, 
iridium, osmium), or which increase regularly (potassium, rubidium, 

The arrangement of tho clemenU. or of groujis of elemon^, in ^he 
order of their otomic weights, cr)iTesponds with their so-called voUnet^- 

14) The elements which or© the meet widely distributed in nature have 
small atomic weights, and . . . sharply defined properties. They are there- 
fore typical elements. 
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(5) Tlie magnitiidt of the atomic weisUt detorminea the cliaracter of an 
element (and those of Us eom]xjiin<ls). 

(6) TJie «iiscovery of many yti unknown elements mny lio exjjcotwl, 
for instancsi elements onalojzoiis to Mliiniiniiiin ami silicon» w|>osc atomic 
weights would l>e between Oo an* I 75. 

(7) Tlie atomic weifflit of nn element mny sometimes 1>0 roiTeetc<l hy the 
aid of a knowleilge of tlu^^e of tlic ndinrent cJeinciils. 

{8| Certain eharaeteristie properties of the elements can be foretold from 
their atomic weiglite. 



D. I. MEKORLftEPr (]834-ld07}. 


The periodic table.—Mfn<IH6c(farranpo<ltl\ccimpnts in a table called 

the periodic table, a modern form of which U given on p. 368. In tliia 
the elemenu are arranged in nine vertical columns called pocas Isended 
by zero (0) and the Roman numerals from I to VIH, or (as in the table 
Proup is made a ™».areu, of \-III. each group being 
subdivided into a and 6 as -sho«-n. These groups are formed bv suitably 
breaking u(. into penodi a continuous series of the elements arrange*! 
in the order of their atomic weighU. The ordinal numbers called 
.Mime cumb«,. and not the atomic weights, are given in the Ubie 
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If tlie periods are uTitten one under the other in horizontal rows, the 
vertical columns are the groups. 

The first period contains two elements, hydrogen and helium ; each 
of the next two periods contains eight elcmenU. The elements of the 
third i>criod are analogous to those vertically above tliem in the second 
period. In otficr wonU, the properties of successive eUmcHis m an earlier 
period recur in the same order in a later period. This is seen in the two 
periods : 


Li Be R C N 0 F Ne 

Na Mg A1 Si P S Cl A 


Lithium and sodium, for example, are alkali mf>tals which decompose 
water in the cold ; fluorine and chlorine are gases whicli combine very 
readily with metals and form similar salts, and so on. The first three 
periods, from hydrc^cn to argon, are called shen periods. (Formerly 
the second and third periods were called “ the first two short periods 
but this name is now unsuitable). 


Short Periodic Table 
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After argon ten elements instead of eight are passed over licforc the 
periodic recurrence of jiroperties begins again witli cof>|)er, a!id a close 
analogy, c.g. that between rubidium and potassium, only after eighteen 

eleinenta. , tu^ 

At the beginning of the fourth i»eriod we meet with a difficulty. 1 rie 
element next in order of atomic weight to chlorine is potassium, which 
undoubtedly belongs to the same group as sodium. The next element 
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\s argon wliich is an in^rt gas rfscmbling helium and neon and therefore 
belongs to the zero, or VIII h, group. The order of atomic weights 
of potassium and argon is the reverse of the onler in the periodie 
system wliicii brings them into the same grotips as their chemical 
analogues. 

In such cases, where the atomic weights are apparently inverted, the 
elements are jnit in the groups to which they naturally belong. Three 
such pairs of common elements are : 

1. A 40. K 39 2. Co 5‘J. Ni o8-7 3. Te 127 G. I 12G 92 

and another case is believed to occur in the last jierjod of ra<lioBCtive 
elements, viz. thorium (Th) 232 and protoaclinium (Pa) 23C». The«* 
supposed anomalies arc now easily explained, since the elemenU ooh' 
cerned are mixtures of isotopes (p. 332). 

With this trans{K>sition of argon and |>otas.«ium. the natural sequence 
runs along the period until manganese is rcache<l. We then expoet an 
inert element resembling argon. Actually we find three elements, irnn, 
cobalt and nickel, with almost identical atomic weights and very similar 
p)))‘sical and chemical pru(>erties. After these three elements come 
copper, zinc, etc., w'hich resemble in some respccu the elements of 
Croups I. II. etc., and the inactive element does not appear. 

The three elements iron, cobalt and nickel are placed in a separate 
group, viz. Group VIII a, no re present at ivea of whieh are found in 
earlier periods. The elements following, viz. eop|>er, zinc, etc., whiel) <lo 
not closely resemble the earlier elements of the same groups, are se|»a* 
rated from these by placing them on the right or in 6 positions in the 
groups, whilst the other elements are placed on the left or in a iwsitlons. 

The elements in Group Villa are calletl traatUiesal ciccDtoti, and 
instead of two short ptrie^s each of eight elements, the whole IK elements 
from |)otassium to krypton inclusive form a loac psriod. divided into 
elements belonging to evta and ode lorios according as they occur in scries 
of even {e.g. K) or odd {t.g. Cu) number, beginning with hydrogen. 

This first long period U follou-ed after krypton by a second long 
period beginning with rubidium, followed by the even elements of the 
period as far as molybdenum. Tltesc resemble the corre.spond I ng even 
elements of the preceding long period. After molybdenum comes an 
‘‘ artificial element '' (p. 403) called technetium (since the discovery of 
" masurium ' in 1925 docs not seem to have been substantiated), 
followed by a cluster of throe elements with very similar atonne 
weights and physical and chemical properties, viz. ruthenium, rhodium 
and palladium. These are obviously transitional elements of the 
same type as iron, cobalt and nickel, and must be placed in Group 
^T^ a. The odd elements of the long period then follow, ending with 
xenon. 

Near the end of this period is a repetition of the inversion of atomic 
weights met with in argon and potassium. Iodine is a halogen belonging 
to Group ni, whilst tellurium is an clement of Group VI which contains 
Jts analogues sulphur and selenium. In the order of atomic weights tlie 
positions would be reversed . Again t he two elemen U are placed i n those 
positions which agree with their chemical properties. 
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A new period begins with caesium and proceeds as far as lanthanum 
in Group III in a regular manner. Lanthanum begins a series of 
fifteen elements with atomic weights differing by one, two, or even four 
units, all of which are most closely analc^ous in chemical properties and 
very difficult to separate in analysis. These, with scandium and 
>ttrium in previous periods, are the elements of the we earths ( No. 61 
is an artificial element called promethium, as the e.Kistence of a 
previously described *' illinium ” has not been substantiated). It is 
Impossible to proceed to the normal manner with the rare-earth 
elements Nos. 57 to 71. 

In this case, instead of one element occupying one place in the group 
there seems to be a cluster of fifteen. These must be placed In the same 
group as scandium and vitrium, so that the regular change in properties 
of the elements is checked at this point and goes forward again only 
when the atomic weight has increased by about 40 units. Then after 
lutecium, the last rare-earth element, comes the element hafnium dia- 
covered in zirconium minerals by Coster and Hevesy in 1023. It 
occupies the |>osition in Group IV previously given to cerium, which 
is now' placed in Group 111 with the other rare-earth elements. 

After hafnium come tantalum, tungsten, rhenium, and finally the 
three transitional elements osmium, iridium and platinum, which fall in 
Group VII 1 a. The rest of this long |>eriod continues from gold in 
Group I to bismuth in Group V and the radioactive element polonium 
in Group ^*I. Element No. 85 in Group Vll is the artificial element 
astatine. The period closes with the inert radioactive gas radon in 
Group Vll I 6 (or Group 0). This long period contains in ail 
32 elements. 

The numbers of elements in the periods up to this point arc 2, 8, 8, 
18, 18, and 32. A new' period begins with the newly discovered radio- 
active element francium in Group I. and continues as far as uranium, 
all the elements in this group being strongly radioactive. Wo should 
expect many more elements in this period, and a few elements of 
atomic w'eights higher than uranium (t)ie travursuc sUotau) have been ^ 
obtained artificially (p. 407) and all are radioactive. They are not ' 
included in the present table, since their group assignments arc still 
uncertain. 


Although the short form of the P©rio<lic Table (due to Lothar Meyer) 
which is given on [). 368, is most convenient for oJeineiitery atudoots and 
for ccueral use. anti corresponds with the slxorl table of atomic atructu^ 
given on p. 411. aonw |)refer (he so-celle<l Long Periodic Table (originating 
with Mendelceff) a nxMJified fonn of which is given on p. 371. 

Tl i« d>rrosix>i uls «' i th a fuller table of atomic st ructures. Th e rec Unglea 
enclose elements witli incomplete inner shells of electrons in tho fttoina. 
which are calle<l •* trarwitionel elements “ in tlie wider sense, the rare 
©artlis (except scondiiun and yttrium) taking their place insi<le e largw 
periotl of transitional ©lomonia. The double relation of hydrogen to 
Groups I and VII is also seen. 

The Deriodicity of valency.— Mondcleeff pointed out that the number 
of a group correaponda with the valency of the elements in it. In some 
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cases (P, S. Cl, Cr. Mri) it is to take the niaximnm valency, 

in others (Cu, Au) the miiutmim vn lei icy, an<l the assijrnrnent of 
valency seems a little artificml, as WyrubolT (iSOli) said, but the 

LoNO PEKionic Table 
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reason is now fairly clear from the t>oint of view of atontic struc- 
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SiF, 
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Na,0 

CaO 


SiO, 
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SO, 
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vm 

0$F- 


Lothai Meyer’s curve.— The periodicity of properties with inerense in 
atomic weight (or atomic number) is strikingly shown (Fig. 213) in the 
•lowic 9olQiB«camof LotharMeyer. in which the atomic volumes (volumes 
in ml. occupied by the atomic UTight in grams, - at. wt. A divitied by 
density D) arc plotted against the atomic numbers, i.e. the oixiinal 
numbers of tlie elements in the periodic table. The atomic volumes 
rise and fall in a periodic manner. The alkali metals, tlie atoms of 
which are unusually bulky, are at the iieaks of the curve. 

The atomic volumes represent, not the space occupied by the atoms 
themsel>'es, but this plus tlie empty spaces between. If the atoms are 

^umed to be spherical and in contact. l.UtD is a measure of the .neon 
distance between tbo atomic centres. 
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The niomio volunres of e few important elomenta are given below. 


Kloment. 

Hyclmgeii 

Litlimm 

•Sodium 

Potii«dium 

Kubidiurn 

CaosiuiQ 

Caicium 


Atomic 
vohnm* At 

1 3 2 (ot - 250*) 

130 

23-7 

43'5 

50 25 

700 

260 


ElcrrMmt. 
Strontium 
Barium 
Chlorino 
Bromine 
Iodine • 
Inm • 

Lead • 


Atomic 
volume at 15*. 

• 34'5 

• 30-2 

• 20 6 (liq. at 0*) 

• 25 <4 

• 25-7 

• 7 10 

• 18-3 



rem.trked that reactive elements have large atomic 
volumes (alkali metals, halogens) : elements which arc not very re* 
active have small .‘ttomie volumes (C as diamond. Ni, Co, Ir. Pt), 

The atomic volume eurve also shows poriodieitv in other properties, 
sueh as expansion by heat, magnet ie susceptibility, melting point, re* 
fractivo index, boiling |>oint, crystalline form, compressibility, atomic 
hent at low temperatures, heats of formation of oxides and ehlorides, 
hardness, malleability, volatility, volume change on fusion, viscosity 
and colour of salts in solution, mobilities of ions, cloctro<le potentials of 
metals, over-voltage of metals, frequency of atomic vibrations in 
solids, distribution of the elements in nature, distribution of lines in 
spectra, and valency. 

I^tiuir Meyer pointed out that gaseous elements and those fusing beiow 
a red heat <K’cur at the maxima snfl on ascmding portions of tlie atomic 
volume cur\’e. DiflicuUly fusible elements occur at tlie minima or on 
descending portions of tho curv-e. 


Meltimo and Boiuko Points of the Chemical Elements (in decrees C.) 


MELTING AND BOILING POINTS 
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C«rnoMy found n similar periodic <lepcn<lenc9 of the melting points of 
molnllic cUluritlcs. and tlie hooU of formation of the oxides and chlorides, 
on the atomic weight of the metal ; the perio<licity of properties extends 
to the compoun<ts of elemenis. 

Electrochemical charactar.^The elect rochcmical character of an 
element U roughly defined by the cliemical character of its oxide : 
electroposdiee elements yieltl ba4ic aride4, electroDegAtivs eltDeols yield acidic 
oxides. If the part of tlie atomic volume curve between two maxima is 
called a section, then all elements on tlescending parts of the second and 
third sections are electropositive: those on ascending portions arc 
electronegative. Elements situate<l on sections 4 and 5 show' electro* 
chemical properties |>assjng throtigh two periods whilst the atomic 
volumes pass througfi only one. 

On the first port of tlto descending eurx'o of each of sections 4 and 5 
strongly electropositive eleinenU occ^ir (K, Ca ; Rb. Sr); followed on 
tlio satno part of tlus curve by more or less electronegative elements 
iV, Or. Mn ; Zr. Kb. Mo. llu. Rh), wdiich are again follow'ocl on the 
ascending portions of the curve by electropositive elements (Fe, Ki. Co. 
Cu, Zn> (Ja : Pd. Ag« Cd> In): linally. after these on the same but 
higher parts of the curve, come electronegative olemeitts (As, Sa. Rr; 
Sn. Sb. Te, I). 


Strongly electropositive elements associate towards the left of the 
table, beginning with Group 1 ; strongly electronegative elements 
occur on the right of the tabic, the most marked being in Group VII. 
In passing along a |)crii)d from Group I to Group VII the electropositive 
character diminishes. When Group IV is reached the elcmonts show 
very little electrochemical character, either positive or negative, ami 
arc practically neutral. The electropositive character changes in 
Group V into electronegative, wdiich becomes increasingly stronger and 
reaches a maximum in Group VII. 

T }>0 electrochemical character is w*ol[ shown an the oxadoe of elements of 
the third period : 


No,0 MgO Al.O, 

atrongly basic w-eakly 

basic basic and 

acidic 


SiO, 

weakly 

acidic 


P,0, 

fairly 

strongly 

acidic 


SO, 

strongly 

acidic 


CI,0, 

strongly 

acidic 


The gradation of electrochemical oliaractor is also shown an the groups 
themselves. It is worthy of noto tlaai the non*n>etalJic elements are con- 
fined to the up])er right-haiad part of tlie table. 


Tiic inert gases, which form no compounds and have zero valency, 
occupy the zero group or Group VlII b, separating the intensely electro- 
negative elements of Group VII from the intensely 
elements of Group I. The transitional elements of Group A Ilia perlorm 
this function for tlac tlireo parU of long periods where there is no inactive 

element. 
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CORRECTION OF ATOMIC WEICHTS 


however, the positu-e end negetiva properties of the elemonls In 
the first and seventh groups ere much less marked than in the cases whore 
inactive elements are interposed : 

+- + 

FNeNa; Cl A K ; >ln (Fe. Co. Ni) Cu s BrKrRb; 

- •* - + - + 

Tc (Ru. Rh. Pd) Ag ; I Xe Os ; Re (Os. Ir. Pt) Au. 


The last members of the even series resemble in many respects the 
first members of the next odd series (excluding the zero group). Thus, 
there is a gradual transition from chromium and manganese to copper 
and zinc, apart from t)ie bridge formed by the transitional elements. 
Tills gradation of properties in the periods was insisted upon by 
Mendel^tf : the resemblances between Li and Mg, between De and Al, 
and between B and C, arc striking. 

Gaseous Hydrides.- All elements occupying places I to 4 before an inert 
gas (and also boron) form gaseous hydrides. Clement m in groups I to 11 Id 
(except boron) give saltdike or other solid hydrides, such as Ku)l. 
Beryllium, magnesium and zinc form hydrides. 'Die volatile hydri<ic8 
are cos’alent compounds, but tlic solid hydrides conduct elect rj city 
when fused, tho hydrogen bcliaving as an anion (U*H'). A different 
group of hydrides arc metallic hydrides CuH. Pd,H and NiH|. Silver 
hydride produced by the prolonged action of atomic hydrogen on silver 
foil, is said to be salt dike. 
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Coneclion of atomic weights.— By fixing the positions of the elementa 
in the periodic table, Mendel^ff was able ^ correct some atomic 
weights. 

The metal bsryUlQta. equivalent 4-5. seemed to resemble aluminium. 
The hydroxides are gelatinous precipitates soluble in acids and alkalis ; 
the normal carbonates cannot be prepared by precipitation, as they 
hydrolyse ; the metals, obtained by electrolysis of the double potassium 
fluorides, dissolve in alkalis with liberation of hydrogen. The specific 
lieat of beryllium pointed to 14*8 for the atomic weight. All these 
results seemed to make beryllium ter valent, the oxide being Be.O,. 
resembling AlgO^. But there is no place for an element of this atomic 
weight jn the first period: BU CI2 N14 016. Avd^eff (1819) had 
^in^d out the analogy of beryllium and magnesium sulpliates. and 
Mendeleeff placed beryllium in Group 11 before magnesium, assuming 

should then U 

4-5 x2 »9-0 and there is a vacant place between (univalent) and 
B - 11 (tervalent). Humpidge found that the specific heat of bervUium 
increases rapidly with temperature, becoming 0*6206 at 600® : this gives 
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Rc Kilson and Pettcrsson (I8S4) found that the vapour density 

(H - 1 ) of beryl Hum chloride was 40, which agrees with BcCU (9 +71 « 
HO), lull not with BcCl, (I3-G5 + lOO-o* l20•l5)- 

Tho inetal iodiaei. which occurs in minerals with zinc, has an equivalent 
of 3H. From its occurrence with zinc it waa auppoae«l to be bivalent (the 
oxide being InO), hence atomic weight ia 3d x 2 — 76. Indium then goes 
in Oruup II after zinc ; but this position ta occupied by strontium (87) and 
there is no place for an element of atomic weight 76. There is also no place 
between As^ 75 and $6^79, so that this atomic weight of indhun is bn* 
possible. The va|x>\ir density, atomic heat, and isomorpliiam methods had 
not been useti. and no guidance w*as available. Mendel6ef7 pointed out that 
if indium is (ervalent (oxide IntOa). atomic weight SB x 3 «• 1 U, it would fill 
a vacantspace in Group III between Cd« Il2and Sn s 118 in Groups Hand 
IV. The chemical and physical propertiea agree with this. The densities 
lire Cd 8*6. In 7*4. Sn 7*2 ; the basic propertiea of ln|0» aro intermediate 
between CdO and SnO, : the specific heat of indium was foxind to be 
0 065, giving the atomic ueight 6’3'0'055s 114 5 : and indium fornu 
alums. 


In other cases the correction in tlie atomic weight amounted to a few 
unite only, the valency remaining unaltered. Thus, gold was formerly 
placed before iridium, platinum, and osmium. In the old atomic weight 
sequence. Chemical analogies in tlie periodic table suggested the order 
Os, Ir, Pt. Au. and more exact atomic weights confirmed this. 


Prediction of nxissing elemenU. — McndcIccfT in arranging the elements 
in the periodic tabic had to leave gaps so that chenical analogies 
should be preserved. The next clement known after calcium (Ca«40) 
was titanium (TiB48). But titanium if placed after calcium would 
come in the third group under aluminium, yet its properties show that 
it is 4»valent and belongs to Group IV under silicon : 


Be 

9 

B n 
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Mg 
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A1 27 

Si 
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31 

Ca 
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Ti 
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51 
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65 
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— 

As 
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There are three vacant places and Mendclccff predicted that they 
would be filled by elements still to be discovered, which be called eka^ 
bororir and eht’^iticon (from the Sanskrit, tka^ one), the 

properties of which he predicted from their positions in the tabic. 
These predictions were brilliantly verified by the discovery of the three 
elements scandium (Nilson. 1879), gallium (Lecoq de Boiabaudran, 
1875) and germanium (Winkler, 1886). 

The following Uble shows the pre«licted and observed properties m the 
case of germanium- It was said that thrae predictions could have bew 
made without the Periodic Law. but no chemist seems to have though 
doing this. 
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PREDICTION OF MISSING ELEMENTS 


£KA*aiLicos fEs) predicted by 
Menciel^fl. 1871 


Atomic weight 72. 

Density 5 5. 

Atomic volume 13. 

Colour : dirty gre)', giving a white 
powder of EsOf on calcination. 

Metal will decom|>oae steam with 
difficulty. 

Action of acids alight : that of 
alkalis more pronounced. 


Element obtains I by action of 
sodium on EsO, or K,EaF,. 

Oxide KsO, refractory ; ap. gr. 4*7 : 
less basic than TiO, or SnOa. but 
more than SiO,. 

Hydroxide soluble in acids, but 
solutions readily hydrolyse with 
deposition of meta* hydroxide. 

Chloride £sCI« a liquid, b. pt. below 
100^. sp. gr. ^9at0^ 

Fluoride EeF^ not gaseous. 

Organo.metallie compounds, r.g. 
He|C,H,h.b.pt. 160*.ep.gr.0>90. 


GERMASllTtl (Ge) diacovored by 
Winkler. ]$8(J. 

Atomic weight 72*6. 

Density 5*47. 

Atomic volume 13*2. 

MeUl greyish -white, giving a whito 
powder of GeO, on calcination. 

Metal <]oee not docomposo water. 

Metal not attacked by HCI : rlia- 
wdves in aqtia rogia i aquooua 
KOH no action, but molten 
KOH oxklieee with incAudeecenco. 

Element obtained by ro«luction of 
GeO, by carbon, or of K,(JeF, by 
sodium. 

Oxide GeOs refmclory x sp. gr. 
4*703 ; very feebly b^iaic. forms 
gerrnanatee. 

Acids do not pp. hydroxide from 
clilute bikaline eolutions ; from 
concentrated solutions. Aci<ls or 
CO| pp. OeOs or meta-hydroxkle. 

OeCI( a liquid, b. pt. 86*5^. sp. gr. 
1*887 at I8\ 

OeP,.3KtO a w'hite crystal lino solid. 

Ge(C»H»)4. b. pt. lOD^. sp. gr. slightly 
leas than 1 *0. 


Results like these convinced chemista that the Periodic Law was 
important, and about 1800 (twenty years after it was announced) it 
came into fairly general use in teaching. 

A new group (the inert gases) was added by Ramsay, and some gaps 
in the lowest part of the table were filled by radioactive elements. The 
Periodic Law showed the possibility of discovering new elements, and 
gave indications of their properties and w ith what known elements they 
are likely to occur. On the other hand, it limits the possible number of 
new elements: there are no vacant places between helium (Hea4} 
and barium (Ba « 137), except poasibly in tlie transitional group, In the 
lower part of the table, the question of possible new elements was 
difficult, since the rare earths disturbed the order. Apart from these, 
the gaps corresponding with elements 43, 75, 84, 8.'5 and 87 have always 
h^n recognised, and these have ance been filled, partly with informa- 
tion given by the periodic table. It is wrong to suppose that the Periodic 
System has been “ superseded by modem theories, since it is the basis 
of modern knowledge of atomic structure. \Vhat has happened is that 
the system has to some extent been expfafned. 
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Use of the periodic table. — The periodic table haa seyeral advantages 
over any other s\*stem of claasiScation of the elements : 

1. It clossiri»» the elemenU in a very simple way, since only the atomic 
^^eighu ore nee<le<l to place the elements in the table. 

2. It mclu<lee in itself some earlier melhcxls of classification, such as that 
accoriling to valency. 

3. It allows the atomic %veights to be checked, since if the MTong multiple 
of an ecjnivalent liacl been taken. tl>ere would be no place for the element 
in the table. 

4. An empty splice in the table directs attention to an undiscovered 
element and also, from tlie position in the table, makes it possible to predict 
the properties of tlie element. 

5. The periodic table ia closely related to the structure of the atom and 
has proved of great service in this field. It is base<l on a fun<lamentsl law 
relating to the building up of atoms from their simpler components. 

Difficulties in the periodic table. — The periodic table as given by 
MendelcelT was not free from difficulties. 

1 . One of the most serious is the inverted positions of pairs of elements (A, 
K j Co, Ni j Te, I { Pa.Thh 

2. It was <lifficiilt to lit in the rare earth elements. 

3. The transitional elements occup>* an exceptional position and attempts 
to include them in other groupe were not successful. 

4. The arrangement Into groupe overlooks some chemical analogies, as 
between boron an<i carbon, and copper and mercury, ami also brings 
together elements with little real analogy, su<4i ns manganese and chlorine, 
and the alkali metaU and copper, silver, and gold. Yet the anaiogy be* 
tween succoasive elements in a psnod, although pointed out by Mendel4ef!, 
was often neglected. Tlie metals of the perio<l : \', Ce, I^ln, Fe, Co, Ni, are 
chemically related, and the sulphates RSOt.THsO of Mn. Fe. Co. Hi, Cu, 
Zn, are j>:omorphoos, 

5. A remarkable difficulty was the position of hydrogen. It was some* 
times nmiltod altogether, but it eharee a wdiule perio<l with helium. If 
placed in this period in Group I with the a I kali metals (to which it shows 
rwemblance in electropositive charnctor an<l in farming an alloy with 
palladium) thero arc gaps in the periofi with atomic sveighta between 1 
and 4. Hydrogen as a univalent element could be place*! In Group VII with 
the halogens. Dut although hydrogen is a non-meUl, ran bo replace*! otom 
for atom by halogens in organic compounds, forms salt.like hydrides such 
as NaH. and is a gas more diflicult to liquefy tlmn fiuorine. yet the period 
might then contain unknown olements with atomic weights leas than 1. 
The best situation is at the liead of Group I. on account of the elootroposil ivo 
character. 

Prout's hypothesis. — The difference between the atomic weights of 
successive elements in the various periods show regularities. The 
earliest, dating back to (long before the discovery of the periodic 
relationship) is PreuV* hjpetUus. According to this, the f 
of iht eUmenU are tckole muUifde-^ of that of Aydroyen. In 1816 Frout 
stated that the simplest explanation of this is the assumption that 
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tht atoms of all tltmtnls art formed by the condensation of afoins of 
hydrogen, tliis element being the primtey or pre<yl* (Greek profi first, 
huU matter). 

In 1812 Davy had suggealod that the “ imdecompmind©*! anhstanccs ’’ 
[elements) arc enmpountls of hydrogen *' with another principle ns yet 
unknown in the separate fonn/’ and that “ the snmo iMmrIeroblo nmHep in 
different electrical states, or in different arrangements, may constitnto 
substances chemically iliffereni.*' This was strikingly confirmed by recent 
work on the structure of tlie atom. 

Prout’s hypothesis was disprovetl by accurate determinations of 
atomic weights by Herzelius. but it continued to have extroonlinary 
fascination. Dumas and Stas in ItWl redetermined the atomic weight 
of carbon, finding it almost exactly 12 and showing that Uerzelius hmi 
made an error in this case of no less than 2*0 |»cr cent. When these two 
experimenters found in 1842 that the atomic weight of oxygen wtw 
almost exactly 10, interest in Prout s hypothesis rcvivetl. The atomic 
weiglit of chlorine is nearly 35*3. so that Marignac suggested that 
atomic weights are multiples of half the atomic weight of hydrogen, and 
Dumas proposed a quarter. 

Marignac (1860) also suggeste<l (hat small variations of corn)»>sitlon of 
compoumla would explain the desdationa from whole nurnhers. This ct)n* 
tains the germ of the modem theory of isotopee. Stns, l>eginning with 
** an almost complete confidence in the exactness of the law of Pmut," 
was lad by his reeearchee lo conclude that it is only an illusion, u pure 
h>'pothesis definicely contradicted by experiment " : it was also rej octet! 
by Moudeldeff, 

Interest in Prout's hypothesis revived as a result of ex|)eriments by 
Crookes (1B87) on the discharge of electricity through gases at very low 

E ressurc. Crookes as8ume<! that electricity is carried in vacuum tubes 
y a very attenuated " fourth state of matter.” which he identified with 
protyle. This waa the beginning of the electrical theory of matter, 
which forms the subject of the following chapter. 

Apart from hypothetical considerations, interesting regularities 
appear in the periodic system itself. 

Rydberg (1914) observed that the first short period contains 2 s 2,1* 
elements ; the two short periods from Li to Ne. and from Ka to A, contain 
each 2.2* s 8 elements. The two long periods, from K to Kr, and Rb to Xe, 
contain each 2.3* s 18 elements. These should, if the same regulority holds 
good, be followe<! by two \*ery long periods containing each 2.4* = 32 
elements, of which the first is known but only a frogmont of the second 
exists. Bohr (1921) wrote Rydberg's numbers as 2 = l.t, 8 = 2.4. 1 8 s 3,6. 
and 32 = 4.6. Experiments on the scattering of X>rays by gosos. and 
modem atomic theory, indicate consecutive positions for livdrogen and 
heliuin. Rydberg considered that two hypothetical gases sliould come 
between H and He, and he identified them with eoronium and nebulium. 
evidence of which was supposed to have been found in the si>ectra of the sun 
and nebulae. The existence of eoronium (supposed by Nicholson to liave 
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an atomic Tv*eight S I) had been Inferred from the bright green iine in the 
spectrum of the sun during the eclipse of 1869 ; although traces were said 
by Xasini. Anderlini. and Salvadori (1893) to exist in volcanic gases, iU 
presence on the earth is doubtful. Coronium was re|x>rte<l in (he spectrum 
of the nebula of Orion by Bourgel, Fabry, and Biiisson <1914). In the solar 
eclipse of 1915 the green line was hardly visible, but a new red line was 
ver>' prominent. Mmlem spectroscopy has show*n that the ^tcculiar lines 
are really due to common elements such as oxygm. Mendelt^fl regarded 
the ether as an inactive element of atomic weight about 10~'> but the 
existence of the ether is no longer assumed in physical theories. Modem 
theories of atomic structure exclude the existence of atoms lighter than 
those of hydrogen, or with weights between those of hydrogen and helium. 


CHAPTER XXIII 

ISOTOPES. CRYSTAL STRUCTURE, RADIOACTIVITY 


The modem atomic theory. — The remarkable nature of the Periodic 
Law gave rise to many fundamental qtieationa, some of whicli have 
reeeivcd eolutiona in recent yeara, when the atructuro of the atom haa 
been revealed in ever-incrcaaing detail. Among the pn>blems which 
present themselves are (I) the rea^n for the approximately whole* 
number atomic weights of some elements ; (2) the explanation of the 
reversal of the order of atomic u'eights in the cases A. K ; Te, I ; Co. 
Ni ; Pa. Th ; (3) the reason for the occurrence of long and short {periods 
and transitional demon is. and the |K>sition of the rare earths : (4) what 
property of the atom determines the position of an element in tlio 
rcriodic Table » since the order of the atomic u*eigltt3 ix sometimes 
disturbed : (5) whether all the atoms arc composed of simpler parts, and 
if so of how many ; and (6) whether the atoms of one clement can be 
converted into atoms of another clement. 

The results of the experimental investigation of these problems 
constitute the modern atomic theory. Although the fundamental 
researches in this held go back in some cases for many years, it is only 
since about 1910 that much progress has been made and many im* 
portant results have been obtained still later. 

Cathode rays Although the most familiar production of •leeiroos is 
their emission from the hot lilamcnt of the wireless valve, the 
recognition of a fundamental particle of electricity >^*as tlie result of 
experiments on the diiebsigt of •l««ui6ty id ksms at low pressures, first 
carefully studied by Faraday. 

At a low pressure (O Oi mo.) an electrical discharge in an exliatisted 
tube proceeds os a blue glow from the cathode, normal to the cathode 
and independent of the posi* 
tionof the anode, producing a 
green fluorescence where it 
strikes the glass (Fig. 214). 

These cstbodt rsys were dis- 
covered by Pluckcr in 1859 : 
they are deflected by a mag- 
net. showing that thev are 
electrically charged. Perrin 
in 1895 ^owed directly that 
they are negatively electrified 
cylinder in the tube. 


m 
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Fio. 214.— Cathode and positive rays. 


by collecting them in a Faraday 
j rt *• j Sir J. J, Thomson (1897), bv measuring the 

defteclmn pr^uced by magnetic and by electric fields, found the 
ratio 01 the charge to the mass of the particles, e/m » 1-2 x 10 * coulomb 
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per gm. ; recent determinations give 1*772 x 10* cmb. per gm. The 
ratio for the hydrogen ion in electrolysis is P/1 *008 *96*494 x 10*/1*008 
*9*57 X 10^ (the charge being positive) ; the value for cathode rays is 
1850 times this. There are two possibilities : 0) the chaiges are the 
same but the mass of the catho^ ray particle is I /I $50 that of the 
hydrogen atom ; (ii) the masses are the same but the charge on the 
cathode ray particle is 1850 that on the hydrogen ion. Experiment 
decided in favour of the first. The cathode rays are free aecstife 
•lectroai. They have the same value of e/m no matter what is the 
material of the electrodes or the gas in the tube, and they are emitted 
from heated metals, by the action of ultra*violet light on metals, and 
in some chemical reactions. The evidence points to electrons being a 
conimo>i constituent o/ all atoms. 

Isotopes. — If the cathode in the tube is perforated, luminous rays 
pass backwards through it (Goldstein, 1886), and their dedections io 
magnetic and electric fields show that they contain particles of atomic 
siee, of mass m and positive charge e. These p^ve rt.jt were ia- 
vesligaled by Wien. Sir J. J. Thomson, and F. \V. Aston. 

Dy defied ing positive ra>'e by means of applied electric and magnetic 
fields, Thomson (1913) shou'ed that neon contains two kinds of atoms, with 
masses 20 and 22. Such varieties of an element wore called lietopsi. ^ 
early form of apparatus devised by Aston Is shown in Fig. 2 1 5. The positive 



rave pro<lucetl from gas at low pretwiire in the bulb D pass through the 
forate<l cathode C (the anode is A) and through alita A*, St, then throiuzh the 
electric held of a |»late condenser J, by which they are <leflected down- 
wards, and a fairlv narrow i>encil passes through a diaphragm (not shown^ 
near the etotxxx-k L. The rays tlxen fxies through a magnetic held at right 
angles to the electric lieUl end to the plane of the pfti>er at M (aswtion ol a 
magnet pole), so arranged that the <lownward deflection ihie to the electr o 
field is overcome, and they are brougiit to a focus cm a p).otog«p)uc P aW 
H- in the iurnera iV. producing a hue wlien tlxe plate is 
nr«.si.re i» mair.tain«I in tho p..rt of tl.o a|.i»ratu, to the j L 

by n.e....s ..f pumps and the ci.arcosl bi.lU /, end /.. cooled m ^ 

I'hediscd, .r/tuboflissbo«l 20 cm. diameter the 

aa arc also the cathode C and the metnl sl.ts S, an.l S,. D >s “ 
whicl. pn.to, ts tl.c. opp.«ile e.ul of tho ,!la« bulb fro.n beuig melte.1 by 
very c<m.’entmle.l l>eam of cathclo crn.tUKl by C. ^ 

The particlee arc spread according to ll»e values of the rot 
ci,S into a • mess speCnm,. ' the foci of ai.ich am rece.vod on the 
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plal©, an<I since a narrow ribbon of rB>*s was rfefino.1 by tlio slits Uipso 
foci will be lines, each corf«|K)ivlinjf with a ceKain delimt© vnhio of mie. 
Some eleinents give lines indicating that they aro mixtures of iso(o,K>s. 
Chlorine gives no line corresponding with the atomic weight U hut 
two lines indicating particles of masses 35 and 37, reprcsontdl a^< * C I un<l 
»*Cl (Fig. 216). In some cases U>e mefclioil dcseribo<l cannot lie used. cjj. 
with metals or substani'es of small vajioiir piwiirc. Aston then iiso<l a 
method due to Cchrcke and Keiclicniicim. in which the anwlo consists <if u 
heated strip of platinum foil with A depreeiion contoinmg somo of the suit 
of the metal, and plarwl oi>|Hwitc t lie cathode. Ity applying u high p.*sitivo 
potential to the anotle. jx«ith-ely chergcl metal atoms urn given off ns 
saode fsys. which can bo deliccted m ©Ici-tric and muguciic fields as lieloro. 



AttmnU “ aW “ I A 

Fio. 216.— Mass. spectra (Aston, 11121). 

The lines additional to these of tlie iwtopes of the cirinents in<lics1cil 
are due to im|»urit»es hi the dm'hsrge lube. 


In another method used by Demfister (1018). |Mt*itiv6 ions emitted by 
heAt«<l metal salu m a high vacuum )uias tlmnigh a |)o(cnliiil difference, 
when they acquire equal energies. After iKissing thn>ugh ii slit, the ions 
are bent by a magnetic held into ti semicircle, eo that they are just nblo to 
pass through a second sUt into an elect rosco|>e. >VUIi o constont magnet io 
field, the potential difference require<l to cause the ions to |>as^ through the 
Bxed second sUt is inversely imjjwrtional to m/e for the ion, tlie value of 
which is so determined. 

A more sensitive method for the detection of iaotopc« is the uso of barn! 
spectra (p. 439). Tlie separation of the lines in a band de|)ends on the moss 
of the molecule, An<l in some cases insteml of a regular seiwiratlon ox()ccte<l 
from one kind of molecule only, there are two (or more) sets of lines in the 
bands, due to isotopic molecidee. The liydrogen chlori«ie sjwtruni shows 
lines corresponding to H»*Cl and H*’C1. In this way the oxygen isotopes of 
mosses 16, 17 ond 18 were detected in the atmosphere, and also isotopes of 
carbon and nitrogen. 

The proportion of isotopes in an isotopic mixture is very variable. In 
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hydrogen the atomic ratio U *H : ‘Ha6d00 : 1 ; bromine is a mixture of 
approximately equal porta of ’^Br and '‘Br. Apart from the isotopes of 
laa<l pro<luced in the radioactive chances of uranium (”‘Pb) and thorium 
(**«Pb), slight differences in atomic weights of different specimens of natoral 
elements have been found, e.j?. in atmospheric oxygen and oxygen from water 
in which the oxygen isotope ratio “O : ‘H) is sontewhst different, also 
with isotojies of carbon **C and *>C, of boron and “B. and of sulphur 
*»S and »*.S. The variations are sometimes quite appreciable, and the 
isotopic composition of an element can be determ ine<l quantitatively by 
means of the mass spectrograph. 

Separatioa of botopes*— Isotopes can be separated in various ways ; 
neon by Jractional diffution ; mercury, 2 ino, potassium and chlorine (as 
hydrochloric acid) by diMillation at rtry lo*o pressure; the lithium 
isotopes ‘Li an<l *Li, the potassium isotopes **K, and ‘^K. snd 
(he uranium isotopes and by the ma*$-speciroffraph ; neon, 

hydrogen » water, ammonia, carbon tetrachloride and oxygen by /rec* 
fional dislilladon. 

If nml are the volumes of tw*o constituents in the original mixture, 
and X and y the volumes in the residue after diffusion, the enrichment 
coefficient rs (yfy^) b related to the isotopic masses 9n^ and mj by 

the equation r = where a ss (mg -f - md ; + Vs 

x*y. The value of o for HD and b 5. for neon 21, and for and 
'*0'‘0. 33. The diffusion method h^'been used with batterica of porous 
clay tubes in series, also diffusion into mercury vapour of the pumps circu* 
Inting the gas. By the first method pure **Ne w*as obtained, and in 8 hours 
I c.c. of pure from a mixture with H| containing only I in lOOO of D». 
A partial separation of the carbon isotope* and ^*C lias been achieved by 
diffusion of methane. Diffusion of hydrogen and deuterium through 
heate<l palladium hee also been used. 

TJie thernuil dijffushn method has been much used. In a vertical tube 
containing a gas. with an axial wire lieatod elect rically to 600 ^ or more, (he 
heavier molecxiles accumulate in the cooler region. The gas rises to the top, 
Hows down the cohl wall of the tube, and again rises in tho central |>art. 
This ^‘thermal siphoning" combines with tl>e tliermal diffusion from the hot 
wire, and as a result the lioavier molecules accumulate at the bottom of tlio 
tube and the lighter molecules at the top. A very effective separation can 
be obtained. 

The electrolytic method b moat sucteesful in the separation of hyilrogen 
and ileuterium from water (p. 173). A slight separation of oxygon 
Lsotopos is also effected. 

Some separation of isolopea has been achieved by chemical means, 
generally by exchange reactions of the t 3 'pe : 

NH. + HOD^NH,D + H,0 
2H,**0 + 0**0,^ + C*'0r 

In a pilot ochemicol method phosgene COCl,. conUining the chlorine 
isotope* 35 and 3", is expose<l to light, when molecules con^mng 
’‘Cl are preferentially decomposed (in presence of a trace of lorime). 
Tlie chhirine b Absorbed by mercury and has an atomic weight lower 
than normal. 
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Table or Natoeal Isotopes 

The isotopic masses .4. rounded o^fovhok numbers, of natural Hemcotsor 
atomic number Z aO (the neutron : sec p. 40«1 to 92 arc given. The onl.T 
is that of measea, not of aburMlencc of occurrence. Radioact ive spec ie- cue 


starred. 


z 


A 

Z 


A 

0 

n 

1 

48 

Cd 

106. 108. no. 111. 112. 113. 

t 

H 

1, 2 



114, 116 

2 

He 

3. 4 

49 

In 

US. 116 

a 

Li 

6. 7 

50 

Sn 

112, 114, 115. 116. U7. IIH, 

4 

Be 

9 



119. 12U. 122. 124 

0 

B 

10, 11 

61 

Sb 

121. 123 

6 

c 

12. 13 

52 

Te 

120, 122. 123. 124. 125. 12«. 

7 

K 

14. 16 



128. 134) 

8 

0 

16, 17. 18 

53 

I 

127 

9 

y 

19 

54 

Xe 

124. 126, 128, 129. 130. 131, 

10 

He 

20. 21. 22 



132. 134. 136 

11 

Kb 

23 

55 

Cs 

133 

12 

Me 

24. 26. 26 

66 

Be 

130.132.134. 135. 130. 137. 138 

13 

Al*^ 

2? 

57 

U 

138. 139 

14 

&i 

28. 29. 30 

58 

Ce 

136, 138, 140, 142 

16 

P 

3t 

69 

Pr 

141 

16 

S 

32. 33. 34. 36 

60 

Nd 

142.143.144.145. 146,148. 150 

J7 

a 

36. 37 

62 

Sm 

144, 147. *148. 140, 150. 152. 

18 

A 

36. 38. 40 



164 

19 

K 

30, *40, 41 

63 

Eu 

151. 153 

20 

Cs 

40. 42. 43, 44. 46. 48 

64 

Cd 

152.164, 165, 156. 167, 158. 100 

21 

Sc 

46 

65 

Tb 

150 

22 

Ti 

48. 47, 43. 49, 60 

i6 

Dy 

166. 168. 160. 101. 102. 163. 

23 

V 

60. 61 



164 

S4 

Cr 

60. 52. 63. 64 

67 

Ho 

106 

26 

>(o 

65 

G8 

Er 

162. 164, 168. 167. 108, 170 

26 

Fe 

64. 66, 67. 66 

60 

Tm 

109 

27 

Ce 

69 

70 

Yb 

168. 170. 171. 172. 173. 174. 

28 

Ki 

68. 60. 61. 62. 64 



176 

29 

Cu 

03, 66 

71 

Lu 

176. *176 

30 

Zn 

64. 66. 67. 68. 70 

72 

Hf 

174. 176. 177, 178. 179. 180 

31 

Os 

69, 71 

73 

Ta 

181 

32 

Ge 

70. 72, 73, 74. 76 

74 

W 

180. 182, 183, 164, 186 

33 

As 

76 

75 

Re 

16$. *167 

34 

Se 

74, 76, 77. 78. 60, 82 

76 

Os 

184. 180, 187. 188, 189, 190. 

36 

Br 

79.81 



102 

3A 

Kr 

78. 80. 82. 83. 84, 86 

77 

!r 

191. 193 

37 

Rb 

86. *67 

76 

P( 

190. 102. 194. 195. 196. 108 

38 

Sr 

84, 86. 87. 68 

79 

Au 

197 

30 

Y 

89 

80 

Hg 

196. 198. 199, 200. 201. 202. 

40 

Zr 

90, 91. 92. 94. 06 



204 

41 

Nb 

93 

81 

Tl 

203, 206 

42 

Tklo 

92. 94, 05. 96, 97. 98. 100 

82 

Pb 

204. 200, 207, 208 

44 

Ru 

96. 98, 99. 100. lOI. 102. 104 

$3 

Bi 

209 

46 

Hh 

103 

00 

Th 

*232 

46 

Pd 

102, 104. 106, 106. 108. 110 

91 

Pa 

•231 

47 

Ag 

107, 100 

92 

U 

*234. *236, *238 


Several isotopes of different elements have tha same ntoss (ieo^ors). e.g. 
A, K 40 ; Ni, Zn 64 i Kr, Sr 86. Elements of odd atomic number are 
either simple or (except K) have oidy two isotopes, elements of even atomic 
numl»r (except Be) have two or more isotopes. Isotopes of elements of odd 
atomic number have odd masses differing by one or two units, The masses 
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of isotopes nre refer wl to the oxj'gen isotope of mass I6» viz. »0 = 16, end 
actuall}* iliffer slightly from whoJe numbers, in (he case of hydmaen 
(*Hs I'OOSl, “HsDs 2*0147) appreciably. 

PackiDg fractioA. — Tlie difference between the isotopic mass and (he 
nearest whole number, divided by the Uotopic mass, is called the packing 
fraction. Thxis, tlie moss of is 57‘942, hence the packing fraction Is 
-O' 056/58* -0*001. Packing fractions are either positive or negative, 
according as tlie atomic masses on the basis = 16 are larger or smaller, 
respectively, than the nearest whole number. Negative values appear with 



mase ntimber 20 (neon), and the cnn-e of lacking fractions plotted sgai^ 
mass mimber A him a minimum at A *50, afterwards rising to a positive 
value at A * 175. Below A =25 the curve lias two branches (Fig. 217). the 
lower brunch corrcspoiHling witli elenwnu* for which A *4 * mass of *Ho. 

Calculation of atomic weights- — Tlio atomic weight of o natural eloment 
is an nvenigo vahio of the atomic masses of tlw isoto^ it contains. Tlio 
ratios of tlio proporl ion.1 of the isolopcs* in the natural element ore colled the 
^tuDdaacr ratios. The atomic weight of tlie natural element may be calcu- 
lated from the exact masses of the isotopes, obtained by correcting the 
whole -nximber values by tlie packing fmctions taken from the curve of Fig. 
2 1 7 and from the abtui<lono« rat ios of these. For example, the obundnnw 
ratio of the europium iBoiopos in the naiurul element is u‘Eu/*“Bu *0 fl63» 
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the auimic «reisht referrerl to ‘-O = IQ. imcorrect^J for the 
of the isotopic ma&ses from whole mjmhcrs. is IS^ niO -0*03 / • 1.»l + 

0 063 * 133. Tho packiriB fraction for .4 = 152 is - a 0(Mi2. hom o ilie iniwss 
defect is ( - 0 0002) - 152 = - 0 030. Tlio exact ntomic ('*0 - Q) is 
152 019-0 030 = 151 080. and siiK© the atomic mtu^cs referred to () 10 

are converte*! to the ortUnar>' or cliemical atomic weipUls. on Die hnsw of 
ordinary oxygen. O = 16 (tl>e isotopic mixture), by divlKion by l OOO^Tr). the 
chemical atomic weight of europium « iSl-imO I 000275 * 15l‘9.>. 

X-r^ys.— When catho<lc rays strike a material target in tlie X-ray 
tube, consisting of a metal plate calle<l an anli-taihodf, this emits a 
penetrating radiation which passes outside the tube, and can pass freely 
through paper, wood, aluminium, and flesh, but is largely abs<irhed by 
lead, platinum, glass, or bone. These X-rays (Ron I gen, lK9r>) may be 
80 penetrating a.s to pass through two inches of steel. They affect a 
photographic plate, cause fluorescence of barium platinoeynnide etc., 
and render a gas conducting or produce ionisation in it, charged 
parti cles boi ng formed . A gold -leaf elect roscoj »e ra ] )id ly loses i t s vli a rgc 
when exposed to X-rays, since the surrounding air conducts away the 
charge. The X-rays consist of elertronagfietic waves similar to light but 
of much smaller wave-length. The wave-length \ dejiends partly on the 
composition of the anti-cathode or Urget," and partly on (he applied 
voltage. 

X-rays and crystals. — For a long time it was not possible to diffract 
X-rays by matter, since the wave-lengths arc much smaller than those 
of light. Friedrich, Knipping, and Laue (1912) showed that X-rays 
are diffracted in passing througli crystals, an<i further work of H- 
and W. L. Bragg show^ that they are reflected from crystal surfaces 
at definite angles of incidence in tlic same way as light from a diffraction 
grating. 

If the primary X-rays are homogenous (f.e. all of the .^mc wave- 
length) the series of directions along which reflexions occur are obtained 
by giving the values 1, 2, 3, . - . to n in the general equation 'Id sin B » 
nA, where A is the w*avc -length. In the ordinary diffraction grating, d 
is the space between the rulings : in the case of X-ray reflexion from 
crystals, d is identified with the distance be(w*een planes in the crystal 
corresponding with the densest arrangement of the atoms. 


In Fig. 218 a parallel beam 
of X-rays of wave-length A is 
shown reflected from varioits 
planes of atoms distant d apart, 
9 being the angle of incidence 
with the crystal surface. The 
difference of path for two rays 
is : 

CD-^DB- ABsDB^DB 
*DF-Z)£: = EF*2dain $. 



The two ra>^ are in pliase and — ^♦^♦"©n^fX-^ysfromacn'aial. 

reinforce each other w'hen this is a whole multiple n of the wave-length A, 
or 2d sin $ = nA. If d is known A can be found, and conversely. 
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Til© original ap^ratus used by (]>e Bragga is shown in Fig. 219. The 
raj's frora the anti -cathode of the X-ray bulb are constricted to a narrow 

pencil by the lead sHte. A and B. 
an<i impinge on the crystal C, 
mounted on a rotating am V, 
moving over a graduated circle. 
The reflected beams are received 
in an ionisation chamber /. also 
pivoted at the centre of the X-ray 
spectrometer, and render the gas 
contained in tlie chamber, usually 
sulphur dioxide, a conductor of 
electricity. The intensity of the 
current passing through the gas, 
measured by an electro8co|>e. in- 
dicates the positions of reflexion 
from the crystal. The ionisation 
occurs with homogeneous X-rays at angles corresponding with the different 
orders of s|>ectra given by Uie equation 2d sin d = NA. In the graph of 
the current against the angle of incidence, peaks occur corresponding 
to definite wave-lengths in the X-rays, and these are repeated as the 
spectra of different orders are passed over. In the cose of a platinum 
anti -cathode, for example, three peaks are fuuntl. showing that the 
X-radiation of platinum is a mixture of three characteristic wave- 
lengths. Tliwo reap|>ear whatever the nature of the crystal used for 
reflexion. 

Tills apjwratua haa been mo<lifled and improved, tlio detection of the 
X-ray beams being photographic. 

The original method of Lauc. vis., the production of a diffraction 
pattern of sjiots by a beam of rays passing through a filatc of crystal cut 
in a particular direction, is also used in crystal analysis. 

A thirtl method was develo|>ed by Debye and Sclicrrcr and by Hull, 
and in called the pou't/er rufthod. A beam of X-rays is Intensely reflected 
from the structural layers in a crystal only when it meets them at proper 
angles. A jiowder consists of innumerable small crjuUls orientated in 
chaotic fashion, but there will always be a number in correct orientation 
for refl^'Xion of a beam of homogeneous X-rays transmitted through tlie 
pou'der. The powder U contained in a very 
ifun glass tube (shown on the axis of the 
cylinder in Fig- 220) iiarAllel to the slit or in 
the direction of a beam tran.smittcd through 
a small hole, or else the pow<ler is spread over 
a ]date arranged for reflexion as in Bragg’s 

•pparulus. Wht-n the trtMn.is»jon method U ., 20 -T~ P"---- 

used the pencil of ra.\-» is spread into a senes ansly.i,. 

of cones, the intersections of which on the r • i 

O'lindrical photographic film inxMliioe a series of segmenU of 
arranged on each side of the crnlral spot corresponding with the 
axial undeviated pencil (Fig. 220). 
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Crystal Utticfts.— By making use of the princiiile tlmt the intensity 
of the Ta<liation scattered from an atom is proportional to the niirnher 
of electrons in the atom (and thus according to llie modern theory o 
atomic structure p. 404, to the atomic number of the atom) it couM 
be show-n that the two strong reflexions from potassium chloride were 
due to the atoms K and Cl, of approximately equal weight. In tins 
way the crj'stal structure showTi in Fig. 221 was found, tlie untrr4 of 
tlie potassium atoms being represented by circles and those of the 
chlorine atoms by doU. The particles arc not the molecules KCl but 
tlie atoms (or ions) K and Cl arranged in a cubic lattice. 


(2) tlio 



Fiu. I AJTAni 2 omerit of 
Atomi* in poMSiiMMi or xodiiiin 
cUloHdo Jatlk'O. 


The existence of separate ions in such as rook*9olt is inado 

probable by : (1) the intensitice of X-ray reflexions (Debye and Krherror, 
Li-^ and F- in LiF ; Gerlach and Pauli, Mg'** and 0— in MgO) 
reflexion of infra-red rays {ruiducl ray#) ; (3) 
the ionisation in solution and in the fused 
state. 

If in Fig. 22) we consider the atoms Q as 
sodium ami # as chlorine, ami tlie sklo of the 
cube as a, then d = a/2. There are 1 4 chlorine 
atoms, eight of which at the comers belong 
each to eight cubical lattices which may be 
packed aroumi it, only one of these being 
sho^^‘n. The otiier six are on tlie faces, end 
each is common to two cubical latticm. one 
of which is shown. Heru'O, of the U atoms a 
•ingle cubical lattice has a sliare of eight l/d 
atoms. an<l six ) atoms, or 1 + 3 = 4 atoms in all. Of the 13 sodium atoms 
shown, one is at the centre and 12 are in positions where each is sharocl by 
four lattices (one only shoNv*n). i.r. in one lattice there aro 1 + 3 = 4 atoms. 
Tlie volume of the lattice is a* Sd*, wlioro a is (lie side of tUo lattice and 
d( s |a) is the distance between tlie planes of atoms. Thus d* is associate<l 
with the mass of one*eighth of 4 sodium atoms and 4 chlorine atoms, or 
half a molecule of NaCI. This is iiU/H s ) » 56>3/6 03 « 10‘^ gm.. whore 
jlf s molecular vreight, NsAvogadro's number. But this mass is also 
equal to <1* multiplied by the density of rock-salt. 2*17. hence | x 38*5/ 
«.03x I0** = 2 l7xd», ord = 2‘82« 10-» cm. 

By means of this value, the wave-length of any kind of homogeneous 
X-rays may be found by using rock-salt as the reflecting crystal and using 
the equation 2d sin $ s nA. 

This calculation can be ret'ersed, and if the distance d is calculated from 
the wave-lengtlis of the X-rays used, and the density of the crj-stal is 
accurately determined, the molecular weight ilf may be calculated. If the 
atomic weights of all the elements but one composing the crystal are knorni, 
the unknown atomic weight may be calculated from the molecular weight 
of tlie crystal. The density of the solid may also be found by another 
modiflestiOQ of the calculation. 

^hic l^ces.— Before the use of X^ray analysis, crysUUographers 
hod arrived at the conviction that the particles in a crystal are arranged 
at the points of different types of lattios structures (p. 357). and even 
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that tlic particles are often atoms, not molecules. The analysis of 
crystals hy X-rays has confirmed this. 

The simplest lattice is the cubic, of which there are three types, viz, 
the nmplB cuUc lattice, the kody-ctotred cobic Ultice, and the fM-eeatred 
cubic lattice. Tlie simple cubic lattice is shown as one of the eight units 
in Fig. 221, the bo(ly*centred cubic lattice as A in Fig. 222, and 
the face-centred cubic lattice as one of the eight units in B in Fig. 
222. In the first the unit cell has eight atoms at its corners, in the 
second there is in addition one atom at the centre of the cube, and in the 
thini there are six atoms at the centres of the faces of the simple cubic 
lattice. The body* cent red cubic lattice may be produced by iht inter- 
penetration of two simple cubic lattices so that tfie corners of one lattice 
occupy the centres of the cubes of the second, as shown in C Fig. 222. 
Ill each unit cell of the body-centred lattice there are 1 +8/8 •■2 atoms, 
whilst t be un it cell of t he simple cubic lattice conta ins 8/ 8 a 1 atom . The 





FlO. S 22.— Body 'Centred end fece*centred cubic letticee. 

unit cell of the face*centrrd lattice shares 1/8 of each comer atom and 
I /2 of the atom at the centre of each of the six faces, and thus contains 
8/8 + 8/2 -4 atoms. 

The following metals crystallise in fuee ctniml cubic Isttices i Al. Cii» 
y.Fe, fi-Co. a-Xi, C%j. Bh. Pd, Ag,^.Ce, Ir. Pt. Au. Pb, Th, 8r j the non- 
metal argon also crj'siallises in this sj-tem. In body eenirtii cubic Isttices 
cr>‘sUllise 5 Li, Na, K. Bb. Cs, V, Nb. Ta, Or, Mo. W, a-Mn, «*Fe. (The 
<hfferent allotropic forma are designated a, /3, etc.) 

CVCI crystallisee in a lattice in which eoch Csatom is surroun<led by 
8 Cl atoms Fig. 222 /4, but since each of the latter is sharwl by 8 unit 
cubes, the unit coU contains I C's atom + 8/8 or I CJ atom, or ono CsCl 

molecule. . 

Tho lattice of poteasium, swlium and rubidium luilidee. is the simple 
cubic (Fig. 221), with atoms of alkali metal and halogen alternately 
occupying tho lattice poinU. Each small cube contains 4-1 = 1 an Atom 
of euch element. Each halogen atom is surrounded by six equulislant 
metal atoms, and vies t+rsa. (T)ie inotal and halogen atoms ore twily tJJC 
ions, Xa-*- an<l Cl"). TJie nx-k-salt lattice may bo pro<Iuc^ by the inter* 
iienoiration of two face -cent re<l cubic lattices, one of metal ions and one ol 
halogen ions. Each crysUllograpliic elementary cube (the whole lipu®l 
contains eight cubelets. and honce 4 atoms each of metal ion and halogen 

is noteworthy that the simple cubic lattice structure (Fig. 221) is not 
represeiited among metal crystals. 
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Hexagonal lattices.— The arrangement of atoms in the face- eenf red 
cubic lattice is the clwut pacl:in{f ojsphtm. In a layer of equal splierc-s 
in contact there are triangular spaces between every three, and in onrli 
triangular space another .sphere may be plaeed to form a wcond layer. 
In Fig. 223 a the centres of the lower spheres arc shown as • and those 
in the second row as 0« A third 
layer of spheres may be put on in 
two ways- Either they may be 
placed in the position.® shown by 
O, when the face- cent red cubic 
lattice is obtained. bniU up on 
the octahedral surface (Fig. 2^ 6) : 
or they may be arrangctl in the 
positions sho>v'n by#, ».e. verti- 
cally above the atoms in the first 

layer, when a lattice with hexa- pack«cj hexagonal lattices, 
gonal symmetry is obtained, viz. 

the htxagonal cUatst packing of spheres : it conaista of two inter- 
penetrating hexagonal lattices, the first comprising the atoms in 

the layers I, 3, 5 and the second the atoms in the layers 2, 

4, 6 The ratio of the axes (p. 333) isc : o « 1*633 : 1 for equal 

spheres. 

In hexagonal lattices crystallise Be, Mg, S^n, Cd. a-Ce, Ti, Zr, Kf, a*CO| 
Ru, and Os. The distances between the atoms in all these lattices vary 
from about 2*S to 4*3 A.U. 

Metals crystallising in (elragonal lattices are germanium and white 
tin ; in the trigonal lattice (which may be regarded as an elongated 
cube) crystallise arsenic, antimony and bismuth. 

Some important latUce types. — The dissee^ Isctice may be constructed 
by taking a face -centred cubic lattice of carbon atoms and putting a 
carbon atom in the centre of oheritofe cubelets as sliowm in Fig. 224 (n). 
Each carbon atom forms the centre of a regular tetrahedron, the corners 

of which are occupied by four 
carbon atoms, as may be seen by 
drawing the lattice as in Fig. 
224 (h). Diamond is an example 
of an atemie lattice in wliicli the 
atoms are linked by directed 
▼alency forces, as contnwted with 
the isnie UtUct of an alkali lialido 
such as sodium chloride, in w*hicb 
the separate cliarged ions arc not 
linked by direct^ valencies but 
exert undirected electrostatic forces on one another. Silicon and grey 
tin crystallise in diamond lattices. 

The slac blend latuea is similar to that of diamond : each zinc atom 
IS at the centre of a tetrahedron of sulphur atoms and each sulphur 
a^m at the centre of a tetrahedron of zinc atoms. The wuiiriis iittios 
(the second form of zinc sulphide) is formed from the zinc blende lattice 
by rotating alternate planes about an angle of 60* around the vertical 





Fio. 223.— CloM packing of spheres 
to form face •edit red cubic and closest* 
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axis. The tetrahcdrol symmetry is not distmbcd but the ananpement 
(Fip. 225) is difTcrent from that in diamond. 

The fluorspar Uttic* Is made up of a face-centred lattice of calcium 
ions penetrated by a sim])le cuoic lattice of fluorine ions, so that the 
corners of this lie on the quarter lengths of the diagonals joining the 



Kio. 225— Woftaite 
iattieo. 


Pio. 22G— Fluonpar 
lattice. 


Pto. 237.— Lattice of 
KjPtCi*. 


cateiuni ions (Fig. 220). Each Ca*+ ion (s «uiToundc<l by HF" ions, each 
F" ion by 4 Ca++ ions. In the elementary cube are 8/8 + 0/2-4 Ca*^* 
ions and 8F' ions (corresponding with the fornuila CaFj). The F* 
ions lie on the corners of a half'Sised inner cube, os shown. 

An interesting cubic lattice is that of K^PtCl, (Fig. 227). Thia may 
be regarded as a fluors|>ar lattice in which F is replaced by K** a^ 
each Ca** by PtCI*"". In the complex ion PtCl|““, the central Pi 
atom is surrounded by six Cl” ions in octahedral arrangement, thus 
con 6 r m i ng t he assu m pt ion of Werner. ( For si mplici ty onl y one PtCl« * ' 
is shown in full.) 



As a more complicated example we may cr>nsj<l©r the cakits lattice 
(Fig. 228). Thia may be fegard<Kl (not cpiite alrii tJy) oa a deformed rock* 

salt lattice. The latter ia imagine<i atoo<l on a 
diagonal (looked at from above in the lig^m). 
all tho Nil* ions replavo<l by Ca^+ ions and all 
Cl" i<»na by cftrlM)ej atoitis, onrh surrounded by 
a triangle of 3 ox> gen atoitw in a plane at 
right angles to the duigonol (the plane of the 
pe|>er) ; then on account of the space occu* 
pietl by these oxygens tUo tube oxpatjds m a 
borirontal dinx'thm an<l gives the cleavage 
rhotiibohcNlron of culcspar. Calcium an<i caf* 
bon atonw are h|«c chJ at ecjiml mtervnis along the axis of the • 

aufl each carl>on is «iir^>undc«l by tl.ree oxygeiw. fonnuig the carbonat 

ion CO,^. 

The ertpbiu Uttice consists of flat liexagonal rings of carbon etoiW 
arranged in equidistant Uyers. such that the atoms 

m Kimilnr iKMitions in tho hox.Ront. (Fip, 2p). In l l«^; 
xvliiei. oorresi>ona with the cloavaEo planes, each 

rounded bv /Arre other equidisUnt atoms; the fourth M 

directed towards an atom alternately above and below the plane 


Flo. 228. — Calcite lattice. 
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ate much greater distance, and is hence very much weaker, as appears 
in the ready cleavage of graplnte in the direction of the planes t>l 

*^^Bwides the above lattice types, there are others, some describetl 
elsewhere, e.g. the pirovskile laUice (p. 707). The teiragoml lattice may 
be regarded as an elongated cube with 
eight particles at the comers. The 
cakium carbide feiWice /resembles a rock- 
salt lattice in which alternate points are 
occupied by Ca**** and rod-shaped 
{ — C=C — ] “ “ ions with their axes 
parallel to the cube edges, whilst in the 
pyritee lattice (p. 034) the — S— S — 
groups are inclined. 


iiii 


III 


Experiment suggests that actual cry*- 
taU are not perfect lattices but consist of 
aggregates of innumerable tiny blocks,” 
each part of a perfect lattice, joined to- 
gether by loose ions which alono take yjo- 220 .— Linking of carbon 
]mrt in the conduction of heat an<l elec* atoms In graphite. 

trIcity. Between these aggregates sre, 

therefore, erseks.” simllsr to the layers of mortar between tho bricks 
in a house, and tlie irregularly arrenge<l ions in the cracks are thoito 
which cement the blocks together and act aa cojuluctore (Smokal, 1027). 
Each lattice block may contain about 10,000 ions or molecules. 


Atomic numbers. — Barkla. and Kaye (1000), found that a solid 
element when bombarded by a sufficiently rapkl stream of eathode 
rays emits a charaeteristic X* radiation. This may be resolved into a 
spectrum by reflexion from a crystal, as explained on p. 387. Moseley 
(19L3-I4) used a crystal of potassium ferrocyanidc and photographed 
the spectra of various elements. 


The elements (c.g., \V, Fe, Cu) or their solid compoun<ls {c^. KCI) wore 
used as anticathodee in an X*ray bulb, mounted on a trolley inside the bidb 
so that they could be brought in succession In front of the cathode, ^es'cral 
kinds of rays, the K, L, -If. N and 0, have been detected, the first two by 
Moseley and the others by later workers. The K-radiations aro of the 
shortest wave-length and are emitted by all elements. The Z.*ra<lintion, 
shown from copper and elements of higher atomic weight. Is of longer wave- 
length than the A>radiation. and the A*, and O-radiatloos, shou*n by 
heavier elemenu, are of still longer wave-length. The A-radiation of each 
element consists of four lines, but these appear os two pairs in each of 
which the two linee are very close together and were not resolved in 
Moseley's photographs. The L-fa*liation gives a larger number of lines 
ihon the Kx In the case of tungsten, Siegbahn measured eighteen lines in 
the L spectrum. 


The K spectra obtained by Moseley consisted in all cases of two lines 
Ka and Kfi (really the two K pairs), one stronger than the other, the 
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wavc-lenpths of wliich <lecreas«l in a w^piilar manner as the atomic 
1 ^•cights incfCAswl. In Fig. 230, given by Moseley, the spectra are 

placed approximately in register » 
(kartii representing the same angle 
of reflexion by the crystal being 
in the same vortical line. 

Hio olements. bejzinning with (*a 
at the t<»p. are in tho order of their 
oiotnif iininipcre. rmining frottt C'a 2(1 
t<» Zn 3(J. the element Sc {N’o. 21) 
being iiMS^ing. I'be Zn lines, with 
of Cn. are xhown by hr ash. 
Tlic Co Hftec'triim shows a faint 
Ni lino duo to impurity. The gnp 
wlicro Sc Hboiild oomo is clearly 
scon. Hinco the ('a line*« are Rhifte<i 
much mure to the right in conn 
pariHikn with those of Ti tlmn in 
anv other ]Mir in the diagram. It 
was found (hat with in creasing 
Atomic number the wiivedengtii 
txH'ornes increasing ly Hinnller. 

The frequencin* « are given by 
C « nA, wliofo t is the veli>city of light. (Jonerally, the iJ'fl'c-nwMjbci’ i’ « 1/A 
is UHod instead of the fre<|tiency. 



The square -roots of the wavc-mimlKTs of corrc.s|K>nding strong Ka 
lines in the i^pectra of sucresaive olcmcnls taken In the onirr of their 
atomir numb^rn give practically a straight line. In Kig. 231, the square* 
roots of the frequencies of the A*. A, .V. and .Y series are plotted against 
the atomic numbers. If k is the wave-numlwr of the A'a line, a 
con.stant (Uyditorg'a constant), ami .Y the atomic number, then 
Moseley found that : 


Element 
Atomic weight 

Q • 

.V . 



(?- VwJ 


Ca 

Sc 

Ti 

V 

40 

43 

4K 

51 

10 

. 

21 

22 

20 

21 

22 

23 


.V- I. 


Cr 

Mn 

Ke 

Co 

32 

.'j.'i 

r,a 

30 

23 

24 

2.> 

20 

24 

2.*! 

20 

27 


Xi Co Zn 

5H6 03 G.1 

g7 2A 29 

2H 20 30 


ofll,cclomo-.»s in ll.r ,KTi.xii.’ table, altlim.yl. ... snmr 

Ni- Tf I)tli.-orcU-rofatc.miouciclits..-.revcrsocl. I li<-ntomiP numbop 

of Cl and K. .Ir.luml from tlio .-.luation, arx- I . '"''J'll',, fhit 

l« for argon. :iltl.outfblb,Out(or liasan atomic ,v.-.^d.tlMLduT than a 

were afterwards discovered. 
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Since aU isotopes of an element occupy the same place in the PoruKlic 
Table they have the same atomic number and the same X-ray spectrum. 
This has been confirmed with some isotopes of lead. 

Atomic f/umb4f 



e 


ftfoseley's results .show that the atomic number is a property of tho 
atom more fundamental than the atomic ^^‘eight* and he suggested that 
this was the positive charge on the nucleus of the atom. 

This su^fifition. also put forward by van den Broek (19l:J)» is the 
basis of Rutherford's theory of atomic structure (p. 404). According 
to this the very small positively charged atomic nucleus is surrounded 
at relatively great disUncea by negative electrons. Since the atom is 
neutral, the total number of electrons is equal to the positive nuclear 
charge in electron units, i.e. to the atomic number. 
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RdHndmentd in X-ny apectroacopy show that the linear cixaracter of the 
L, M, N and 0 series is only approximate, and the curves show definite 
changes of direction (Fig. 232). The ordinates are N'alues of *4^, where 
Vo is Rydberg's constant. These breaks ere important in the theory of 
atomic structure, since they appear at the beginning and end of auccesstons 
of closely related elements, e.g. Sc to Cu ; Y to Ag ; etc. In these the 



tronsilion from one element to the nexi. Inslcn.1 ofloodms Wft mork^l 
I'lienBe of propertieH prcKiurcs little change, an.l since the rclatiw to the 
transitional elcmenie of Oroup VIII is apparent, tliesesoipiencra "f o’®"'""* 
are called - transitional seriea." This l^^viour is verj- .narko.1 m the 
group of the rare earth elements (Nos. 

RadioactiTity.— In I89fi Bccqucrcl found that uranium salts could 
af^cfu¥&.phie pisto though a Uyer of black “"d also 

a" charge an electroscope. Thorium compounds « era f"'"?,'' 
and bvMme Curie in 1898 to have simiUr properties. Thesulratances 
a^fre caM r.Z.i.e, from their pro,-rty of emitting radiations of 
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the kind described . In the study of radioacti r ity the follow] ng method s 
arc used : 

(1) The action on a photographic plate. 

(2) The phosphorescence of plati nocyanides, willemite (zinc silicate), 
kunzitc, and SiW's blende (sine sulphide). 

(3) The ionisation of gases. 

The most convenient U the third method : the ionisation, which mukes 
i)ie gas conducting, is detected and measuretl by t >)0 golddoaf eloctroscopo 
(Fig. 233). The strip of golddeaf O is sttache<l to the vertical r<Ml It, 
supported by a horisonta) rod K insulsled on blocks nf sulpliur S, und 
terminating in a metal plate B. Itelow is a second 
metal plate A, on which the material U> bo tested is 
placed. The gokUleaf is observe«l through a micro- 
meter eye-piece, the leaf being given a charge Ihrmigh 
the wire Ms which is insulated in a sulphur stopper 5, 
and can be swung aw'sy from the rod H when the 
latter is charged. If (he substance C is radioactive, 
the air between A and B becomes conducting, owing 
to the pro<luction of poeitive an<i negative gaseous 
ions. on<l the charge leaks away at a rale which may 
be observed by the fall of (he gold deaf. TI»o electro* 
scope is much the most sensitive analytical instrument knoum, since 
10'** gm. of radioactive material can be recognieed. 


J 
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Fjo. 233.— Gold Icof 
clcctrosco|y<. 


Raditjm. — By means of the ionisation method Mmc Curie found (hat 
the native uranium ore pUchbitndt (mostly uranium oxide was 

more active for the same weight of uranium than a purified uranium 
salt, and she suspected that this was duo to the |>resence in the ore of a 
new element much more radioactive than uranium. She succeeded in 
isolating from pitchblende an intensely active substance ; this was a 
salt of a new element radium. It bad an activity a million times that 
of uranium. In highly purified specimens this activity is doubled. 

The separation of the radium from pitchblende is laborious. The radium 
accumulates In the barium eeparat^ from tlte residues. Baclium and 
barium chlorides are separated by a long series of fractional crj’stallisations j 
with the bromides eiglit crystallisations suffice. 

A former source of radium compounds a'as the cantotire of Colorado, w'ith 
5 to 10 mgm. of Be per t4>n. Rich deposits of pitchblende in the Belgian 
Congo superseded camotite. and there are rich deposits of pitchblende in 
the Great Bear Lake territory in N.W. Canada. 

Radium compounds are isomorphous with those of barium : the 
ratio of chlorine to radium in the chloride is 35*5 : 113, so that on the 
aMumption that the formula U RaCI*. the atomic weight of radium is 
226. Honigschmid from the ratio RaCl, : RaBr* found Ra -225-07. 
^dium IS an element of the alkaline-earth metals group in Group 11. 
ihe cry stab of the pure salu are colourless ; if thev contain barium they 
m pink. The solution in water forms hydrogen peroxide and evolves 
oxygen and hydrogen, and the solid salts ojonise air. In the dark they 
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shine with a green phosphorescent glow. Radium chloride melts at a 
high temperature and solidities to a glassy mass which (unlike the salt 
containing water) emits an intense bluish -Tiolet light. In accordance 
with the behaviour of metals of its group, radium sulphate is less 
soluble than barium sulphate. In the bunsen flame radium compounds 
give a iing carmine tint, and the spectrum is analogous to those of other 
elements in the group. Glass is coloured violet or broum by radium 
rays, but the colour is discharged by heating nearly to the softening 
point. 

Metallic radium was obtained by Mroe Curie and Debierne in 1910 
by electrolysing a solution of the chloride with a mercury cathode and 
separating the mercury from the amalgam by distillation. It is a white 
metal, m. pt, 060*, which rapidly Urrushes in air, forms a nitride, and 
decomposes water with evolution of hydrogen. 

Kays from radioactive substances. — By interposing sheets of metal 
foil and superposing powerful magnetic fields in the electroscope method, 
it was found that radium cmiU three kinds of rays (Fig. 234) : 


1. The arrays : positively charged particle* easily absorl>o<l by thin 
motftl foil ami having a limited range in air {7cm. when enutt«<l from 
RaC'). 

t. The p-U 7 t : negatively charg©<I |>articlee iiientical with free 
negative electrona, emitted with speed* approaching the velocity of 
light nnd often able to penetrate thin sheet* of duminium. 

3. TIjo yrays : not deflocie<l by magnetic field* , consial ing of wav« 
identical with very abort X-r*y» (wave-length. 1*3* l0-» to ? '' 19* 
mm,), and capable of penetrating aeveral cm, of lead. 

The clenexiorui pralucecl by a map.elic field arc »een in KIk- 234 t o be ui 
opposite direction* »ith the a- and ^-ray* : the y-ra>-a n™ 

* * The a- ray a have a ahorter range than 

the ^-ra)**. 

The phosphorescence effects of radium 
arc mainly due to the a-rays, wfuch 
with their large mass and high velocity 
(* to A that of light), have large 
kinetic energies. In the ^pinthanscofje 
(p. 125) the impact of each 
on the screen produces a bright flash, 
and in this way the particles can be 
counted. Lortl Rutherford found for 
t he a-ravs t he value e m (ckar^. ma^ 
.S-O? * I 0 *cmb./gm.,antl Rutherford 
and Kobin-son 4-82 x 10‘ emb Kin., 

al„.o9t exactly half that for the 'nhdi.rmr^hl-'J'vo onit 

may, therefore, consist of thin glass tube, Rutherford 

charges. By sealing ^ Z Lean an ouU-r vacuous 

and otSn/a dischanto. the helium 



Fio. 23 *.— Magnetic deflexion of 
rava from radium. 



XKinJ EMANATION 

conveyed by a counted number of a- particles and found tlie charge on 
each to be 31 x 10-“ cmb.. hence m-0‘66 x IO-» gm. The mass of 
the hydrogen atom is 1-6 x 10’” gm., hence the atomic weiglit of the 
a. particle is close to 4. 

The a-particlc U regarded as a helium atom whicli has lost two 
negative electrons. The diameter of the «• particle is very small com* 
pared witli that of the helium atom. The speed of «-narticlcs emitted 
by radium U about 2 x lo* cm. per sec,, hence the kinetic energy is 
1*30 X 10“* erg, or 2*4 x 10® times that of a gas molecule at 0® (p. 122). 
This large energy accounts for the phosphorescence effects and for 
most of the heat evolved by radium, which amounts to 25-5 g. cal. 
per gni. of radium per hour. Each «*particlc from RaC' ionises 237 ,000 
gas molecules in its passage through air. 

Although the ^'rays are more penetrating to matter in bulk tlian the 
arrays, on account of their smaller siae ami higher velocity, they aro more 
deflected in encounters with indivi<lual atoms than arc (x*rnys. Their paths 
deviate much from straight lines, as has been shown by the \S'il8on molhod 
(p. 403) : they are frequently defleeied through 160'. On account of its 
smaller mass and kinetic energy* a^*particleprc<luces mtach Ichh ionisation 
for 1 cm. path than an a*particle : the total number of ions produced in air 
by ^'rays from 1 gm, of ra<Uum in equilibrium with its prmlucts of <iis* 
integration is 3 x 10 '* pec sec. 

The activity of radium is unafToctod by temperature ; it is the same 
in liquid air aa at a red lieat. In this respect, radioactive changes differ 
from ordinary chemical reactions, the velocity of which is largely 
influenced by temperature. 

Radium emanaUon. — It was noticed that a gas, called md/uni 
emanation, is continually evolved from radium. Which may be swept 
away by a current of air and condensed in a tube cooled in liquid air. 
By direct weighing of 0*1 cu. ram, or 0*001 mgm. of this gas on the 
micro •balance its atomic weight (on the assumption that it is men* 
atomic) was found to bo 222*4. It U an inert gas belonging to the 
argon group. It Uquefles uith great sharpness between -152® and 
-154® : the liquid boils at -05® and solidifies at -71®. Under the 
microscope the liquid is colourless and transparent, whilst the solid is 
opaque. The liquid glows uith great brilliancy in a glass tube, with a 
steel-blue light which at lower temperatures changes to brilliant orange- 
red- Ramsay proposed for the gas the name niton (Latin nitidudm 
shining), but rs^a. proposed by Schmidt in 1918, is now used. It has a 
characteristic spectrum, similar to that of xenon, and is distinctly 
soluble in water. 

The unit of radioactivity is the curie, which is the activity of 0*63 
cu. mm. of radon in equilibrium with 1 gm. of radium. 

Ramsay and Soddy observed that radon on sUndIng gradually lost 
jU characteristic spectrum, whilst the helium spectrum appeared. 
The conversion of radon into helium was also proved by the experiment 
of Rutherford and Royds mentioned on p. 2f98. The rwion changes into 
hehura and other products, and fresh radon is produced from the 
radium, 
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Tlie fttomic of radium is 22C. and the observed density of radon 

gives its atomic weight as 222 4. TJie difference is 3 6, roughly the 
atomic weight of Ixelium. The radon is formed with one a -particle in 
the first step in the disintegration of radium ; Ra (22G) *a.particle 
(4) + Rn (222). TSvo gases, helium and radon are the first product 
from solid radium. 

Theory of atomic disintegration,— Radium is a!i element. It has a 
detinite atomic weight, a definite spectrum, and a definite position in 
the periodic table. Radium is constantly changing into helium and 
radon. Radon is unstable and produies lieliura and a solid deposit on 
surfaces exposed to ration. This solid sebve deposit in turn gives other 
products in definite stages, each stage accompanied by the emission 
either of «-rays, or of ^•ra>'s and y-rays. There are eight changes 
pAS-sed through in succession from radium to the final inactive product, 
and altogether five a-particlcft and five part ides arc emitted- The 
atomic « ciKlit of radium is 22(5, and tlie five .-particles have » « 

5 X 4 *20 hence the atomic weight of the final product U 226 - 20 ; 

hence it would seem probable that the final product is an isotoi>e of 
lead. This has been confirmed. 

The energy emitted by radium comes largely from the kinetic onergj’ 
of the swift and massive «.|wrticlcsshol from the disintegrating atoms. 
The liypothesis of the sjwntancous disintegration of atoms was put 
forward bv Rutherford and 8oddy in IW)3. ^ „ 

Tlie fraction of the total number of atoms undergoing dismte^ation 
in unit time is constant ; in other wemU, the activity dumnisbca ex- 
jHinentiallv with the time ; 

.Vi-V 


wlxcrc xV„. iV| are the numbers of atoms pn^si'nt at the l^pnning ami 

aftcrl8e<s.,andAi»ll.cdM/i.(C!i™i/v"(orrfcf«,v)foMtan^ 

Ihc fraction disintcgrali.ig lK;r unit time la callcl the ««.,« W- of ‘He 
I * 1 /i • it Id l •44•t times the period in which half the atoms 

SvruUc‘«fn; IdnlcSatlrt 7'.0.(593/A. Each radh.- 

eleincnt U eharactcri«cl by iu average life, « h.cl, may vary ^ 
billionths of a secoml to millioi.a of years, a.ss.rd.ng to the Mahilitj ol 

‘''RliMctive equiUbrium is a state in which a pare.it 
a decay ptwhict at the same rate a-s the latter 

lUs a^tationaty state but .liffers front ordinary chemical cpnlibnum 
bccLrse .hi amo^unts of the .lifferent substances tnvolvci arc not con- 

disintegration pr^uets are ‘"j*';. f an'ordinnry 

RadioacUnty^---^ „ lUuc is 


xxiul 


• RADIOACTIVITY OF CR/VNIlTM 

lecume inactive, whilst the solution ie);aine<l its activity and yielded 
another swcimen of iirnniiim.X. I'raniiim can Brow uranium. X. 

Boluvood and Soddv (IflOS) found that radium is (.r.Kluwl spon- 
taneouslv from uranium, but the ehaiiBe is not diix-et. An inter, 
mediate element ealiwi loaiuni is fonue.1, whieh was separated by Boll- 
wood from the mineral earnotite. He also notieerl that iiraniiim in 
disintepration gives two kinrls of ^.particles, which suggests that t lere 
are two varieties of uranium, c alled oraaiuoi-! and uxtmum-XI. I -11 


sscs direct !v into ionium l)V emission of an a.|Mirtielc. whilst VA 
Mps into From T-X, two products are obtained, eiicfi Uy 

ns.Hion of a fl.imrticic, vij.. U-Xj <1W‘7 per eent-l and V//.HKijyvr 


passes 
] Kisses 

emission of a 0.|>articlc, ... . . tt it m • 

1 ‘ent), each of which, In* omitting a pa.s.ses into U-II. Ihis 

is an example of a brineh ebam in disintegration, llic complete mtics 
of transformat ions of uranium (which include® that of mdium, of which 
uranium is the parent) is given in the tabic on p. 4(i'2. The tuhic also 
gives tlic transformations in the actinium series and in the independent 
thorium series. 

Radioactivity of thorium.- Ill 11N12 Kuthcrfonl and Soclcly lound that 
thorium gives off an emanation which behaves as a gas. Hy adding 
ammonia to a solution of a thorium salt they found that the filtrate 
from the thorium hvdroxide contained a very a olive substance, whieh 
they called thofiua*X. After a month's time, the thorium*X hud lost 
iU activity, whilst the precipitate of thorium liy<lroxidc recov<Te<l tlie 
activity of the original thorium salt, i.r. t lie activity lost by the tlioriuin- 
X- It is now known that Th-X is f<»rm«l from Th through three inter, 
mediate products, oMotbariuia.I. ttssothonam*!]. and tadlotbotlua. When 
Th.C i« reached the atoms disintegrate in two different ways. Thirty, 
five per cent emit «.rays, forming Th-C*, which then emits jS*ruys, 
forming lead : whilst 65 t>er cent emit ^.rays, forming Th.C', whicli then 
emits corays, forming leail. No detectable nys are emitted by M.s.Thj, 
so that the production of Ms-Tli^ it is called a rsyldts ebaoca. 
Probably feeble jS<rays arc emitted. 

The actinium series .^Dcbiernc in 1900 sc^mratod from the iron 
group in the pitchblende residues another active substance, wliicli ho 
called aetiuuB. The immediate parent of actinium is protoietiaiuiQ, 
formed by a ^.ray change from an isoto|)e of r*Xi called uranium* Y. 
Protoactinium gives actinium by emission of an «• particle. Proto- 
actinium, although an elomcnl of Group is chemically similar to 
thorium and slrconium in Group IV rather than tantalum, and accumu. 
lates in the sirconium phosphate in the residues from tlic pitchblende. 
Protoactinium peutoxide is a heavy white |>owder with feebly basic 
properties . The final product of the actin iu m series is an isotope of lea d , 
of atomic M'eight 207. 

The position of radio-elements in the periodic table .-^The position 
of an element in the periodic tabic is fixed by its atomic number, 
equal to the positive cha^e on the nucleus of the atom in terms of the 
electronic charge as unit. The atomic numbers of uranium, thorium 
and radium are knoim from the positions of these elements in th© 
periodic table (p. 368), and the atomic numbers of all disintegration 
products may be calculated by subtracting 2 for each a-part icle emitted 
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(loss of charge +2), or adding 1 for each j9-particle emitted (loss of 
charge - 1). The positions of the disintegration products are governed 
by a simple rule (Russel), Soddy, and Fajans, 1913). In an a-ray 
change (in which an a -particle is expelled from the atom) the product 
falls into a group of the periodic (able fu'o placts io\vtr than that of the 
parent element. In a ^-ray change (in which an electron is expelled 
from the atom) the product falls into a group one plaa hightr than that 
of the parent element. 

Each uni. in the second group, emits an particle and forms radon, an 
inert gas of the zero group ; KaD (an element of Group IV) emits a 
particle and forms Ra£, an element of Group V. 

The three main scries of radio*active elements are shown in Fig. 23o, 
in which their positions in the periodic table are evident. More than 



one kind of atom may occupy the same place, spccifi^by the a*®™'® 
Tumbor given at the^oot of the Ubie, and these dlffc^nt kinds o 
atoms arc* isotopes (sec p. 382) ; they 

bv ordinary chemical processes but may be distinguished b> 
of dis^intcBration and the nature of the elemenU from which they aro 
derived or^f the products to which they give rise. Isotopes 
tiable by their atomic weights and their densities, since the 
volumes are identical. 

The molecular e..lubi1i.ic9 of comn.on lea.l nitrate and of 
nitrX are 1-7993 ami I 7991 gtn. mol. ,.er litre, rmpect.vely. Tl.e actual 






xxml DEFLEXION OF RAYS IN OASES m 

weights of |i©r 100 gm. of water art 37 281 ami 37-130. auh^^tantju I ly in 
the ratio of tlie at*»mjc weight*. 

The X-ray 8|>e<*lra of ordinary lead ami of uranium- lead, whirl i doprnd 
only on the atomic number, are identical within the ent>r of 0 0001 A. The 
arc spectra differ by al>out0 005 A., which ia measurable (Morton. 1019). 

Radioactive elements not inchided in the series of Fig- 235 include 
isotopes of potassium and rubidium in Group I, showing feeble ^-ray 
activity, end of samarium in Group III, showing feeble a-ray activity, and 
also the traasuronic eleti>ent* with atomic numbers higlior than tl»at of 
uranium (p. 407). 

The tendency of workers on radioactivity was U) ^oga^l isotojios its 
different elements, but since they are identical in chemical properties. 
Paneth (1918) suggested that they sliould be regarded as varieties of 
elements. Perhaps the most satisfactory definition, closely related to 
Moseley's law (p. 394). is that an element is defined by its atomic number. 
The discovery of non -radioactive isoto|>es such as hydrogen and deutoriuin. 
which are readily separated ami have widely different properties, ha* 
made this problem rather more difficult tlian was suspected. Cases 
of different radioactive elements witli the same atomic number un<i 
mass are also known. 


Deflexion of a-rays in gases. — The a-particics passing through air 
produce gaseous ions which can act as centres for de|>osition of moisture. 
In a vessel of air saturated with moisture and suddenly cooled by cx« 
pension, the paths of tlie rays become visible in lines of droplets of 
water condensed on the ions, which can be photographed. In this way 



Fw. 2$6.*-TWki of a-raya Fio. 237.— t racks ol two 

a-rays (enlarged). 


C. T. R. Wlbon obtained the photograph shown In Fig. 23C. The paths 
of two single a-rays are shown in Fig. 237. It Is seen that they end 
abruptly. The a-particle must have passed through several gas atoms 
without suffering appreciable deflexion, but the left-hand track shows a 
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large deHexion at its end, and a Ter>' small spur going off in the other 
direction. The latter represents the track of the gas atom which stopped 
the ff'particle ; this had imparted to it a recoil velocity, and the angle 
between the track and the original direction of tiie «*particle gives the 
relative masses of the striking and struck particle, in agreement with 
the laws of elastic collision (oxygen 10*72 ±0*42 ; helium 4*03). The 
method gives a means of determining the masses of single atoms 
(Blackett. 1922). 

The structure of the atom. — The abrupt and often large deflexion 
of the «*particle at the end of its track suggests that its {lositive cliarge 
approached very close to some positive charge in an atom of gas, a 
large repulsive force arising between the two like charges. As the 
a>particle passed through several atoms without dedexion, this positive 
atomic cliarge must be concentrated in a smalt volume compared with 
tlie volume of the atom. Calculation from the deOexions by the 
inverse square law shows that the two charges approach within a dis- 
tance of LO'^* cm., whereas the radius of an atom is of the order of 
10“* cm. 

The atom is electrically neutral, and in addition to the positive 
nucleus it must contain negat i ve elect rons. U u t herford in 1 9 1 1 assumed 
that it consists of a small positive oseleus surrounded by electrons 
revolving about the nucleus, the diameter of the outer orbit being the 
diameter of the atom. The greater |>art of the atom is empty space. 
The electrons have a very small mass, so that the mass of the atom is 
concentrated in the positive nucleus. 

The hydrogen atom was assumed by Bohr (1913) to consist of a 
nucleus of charge +1 (the proton, p. 224), with one electron of charge 
- 1 revolving around it in a circular orbit. The nucleus of the helium 
atom (mass 4) has a charge (and atomic number) of 2. and is identical 
with the a- particle. In the helium atom there arc two electrons outside 

Tlie series of atomic numbers suggests (van den Brock, 1913) that 
successive atoms counting from hydrogen have nuclei conUining one 
additional positive charge for each step in atomic number. This is con- 
firmed by the deflexion of «-ra)*s by various atoms. 

By measuring the scoliering of «.particl« possing through thin aheols 
of metal, Chadwick (1920) calculated the cl>afge on the nucleus of the met-jl 
Atom on the assumption tl>ot the deflexions were caused by the approartt 
of the positive helium nuclei towards tlce positive nuclei of the alorM. hor 
pletiuum. silver, and copper the nuclear charge- were found ^ bo 
40-3 and 29*3. in ver>* good agreement with the otomic numbers 78. ^ 
and 29. of these elements. The number of scatUred a-particlee was counted 
by the scintillation method (p. 125). 

In chemical changes onlv the outer electrons arc disturbed- The shift 
of ouur Xctwnit f^m one orbit to another is supposed to give rise ^ 

nucleus of tlie atom is affected (p- J06|. 
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In the atom there are two distinct regions — the nueleu'* ami the 
outer electrons. The nucleus is cxceCiUngly small in com pari son with 
the size of the atom, and thf jut'iiiit'e nudear fhargf is cqtiaf to thr 
a tom if » u mb( r of (he etf we »t. The out er neya I i ve elect nms in t he nei 1 1 ra 1 
atom balance the jmsitive charge of the mu lou<. or are w fewer or greater 
m the case of t]»e «• valent jMwitivc or negative ion. The elect r»>ns are 
situateil at relatively great distances from the nucleus, and in the 
heavier 5\loni» they arc arranged in several shells or orbits. Heceni 
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theory reganls Hutherfonl's (lielure of eleeinms r\*volving around a 
nucleus as too simple, but I be idea of shelK (or energy levels) is retained. 

Since the inns.s of the 3*]Kirtiele or helium nue|cu< is 4 and its charge 
is * 2. it is assumed to be com loosed of 2 protons I mass 1, charge 1) 
and 2 neutrons (ma.ss 1. charge 0). Tlic nuclei of heavier atoms are 
supposed to l>e built up from p protons and n neutron^, so that the mass 
is /) . n and the charge p. The charge is equal to the atomic numl>cr. 
The nuclei of the three isotopes of oxygo-n, of masjvs 10. 17 and IS, have 
the same charge + 8, equal to the atomic number, and contain S pro- 
tons. In addition they contain 8. 0 and 10 neutrons. res|>ectivclv. 

The transmutation of elements.— Although the rate of disintegration 
of the atoms of ra<l inactive elements cannot be inHuencotl by anv known 
means, the collision of swift «. particles, protons (hydrogen nuclei), 
deuterons (deuterium nuclei), neutrons, or y-rays. with atoms of other 
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elem«?nts can cause the disruption of the atomic nuclei, leading to the 
ejection of fragments of the atom with such velocities that their 
presence may be detected by the scintillation method - 

Rutherford in 1010 extended an observation by Marsden (I DU), 
according to which the protons (H -nuclei) ejected by the a-particlcs 
of Ka*C by collision with hydrogen atoms had a range of about 28 cm. 
in air as (lotorinined by the scintillation method on a sine sulphide 
screen, whilst the range of the a -particle is about 7 cm. The identity 
of tlte long range particles with H -nuclei was established by the 
measurement of e/m by deflexion in electric and magnetic fields. 

Rutherford, partly in collaboration with Chadwick, sliowcd that 
long range protons are also produced by the bombardment of boron, 
nitrogen, fluorine, sodium, aluminium and phosphorus by a-rays, and 
thus provided a proof that the nuclei of these atoms contain H-nuolei 
or protons, and at the same time gave the first definite case of artilicial 
disintegration of an element. The number of atoms disintegrated is 
exceedingly small. 

Blackett (1D22) by the Wilson method (p. -103) obtained photographs 
of collisions involving the expulsion of protons from atoms. When a- 
])article8 (mass 4 ; nuclear charge 2) kwmbard nitrogen atoms (mass 
14 ; nuclear charge 7) they apparently enter the nucleus of t))e atom, 
producing a t>article of mass 14 4'4«J8 and nuclear charge 7 
i.e. an isotope of fluorine (atomic number «0). This nucleus emits 
a proton (mass 1 ; charge I), leaving a nucleus of mass 18 - 1 *17 
and charge 0-1*8, i.t. an isotope of oxygen (atomic number *8). 
Tlie branch at the end of the a-ray track shows only two prongs, 
corfes|K)nding with the H -particle and the new nucleus. This is an 
example of the artificial building up of an clement (oxygen) from a 
lighter element (nitrogen), and is represented as follows, the low'cr 
figures giving the charges, and the upper the masses, of the nuclei 

In what follows we denote the neutron by ©n, the negative electron by ^ • 
und the |>oeitivo electron (poaitron) by fi*. D and T denote iJouteriuin 
(*H} and tritium (*H> nuclei. Neutrons are formed by the uction of «-rtyH 
on beryllium, %vhen prveunmbly carbon is also produced : 




Some oxamplce of ntiilcar iransformationa ere r 

lu-rfOsjU-i-iH 

JlJe + }H = *sB + y i" = 

In some cases alternative changes may occur : 

(?{Na + sHe 

IjAl-rJn-ltsMc + lH jLi+fO* 


{He-K^He 

|Li-hiH 
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Nuclear transformations may be shown by the symbob of the initial and 
final nuclei separated by brackets containing the symbols of the impart ing 
and emitted particles in this order, «. p, d» n, and y denoting the alpha- 
particle (or artificially accelerated holium nucleus), proton, doutoron, 
neutron, and y-ray : 

‘•N(d,n)‘‘0. ‘•0<y.n)*K). >*C(«,n>“0. 

Joliot Qn<l Mme Curie-Joliot in 1934 observed that in some cases a bom- 
barding particle is absorbefl by the nucleus. i)roducing an unstable atom 
wliich then dbintegratee witli emission of a positron. The unstablo atom 
behaves as an artificial ra<lioac’live element with a cluiracteristic Italf-Ufe. 
In the bombardment of aluminium urith a*particles. the helium niiclons 
enters the aluminium nucleus, forming an unstablo isotope of phosphorus, 
which then dbintegrates with the emission of a positron, forming an isotope 
of silicon: 

Sai + 5h.=J« + ??p 

The radioactive-phoaphonu ijp ha. a helf-Ura of 3 minutea and iu inter- 
mediate formation is confirmed by its co •precipitation from a solution of 
the irradiated aluniinixun along with the common isotope, e.g. as zirconium 
phosphate, when the precipitate shows radioactivity with the definite 
period of decay. 

Radio-sodium with a relatively long life and giving off in tense and y 'rays 
is obtained by bombarding sodium chloride with high*eaergy deuterons : 

ffNa + fD^iE-t-SlNa 

l{Naa^ +ljMg. 

A radioactive isotope of hydrogen of mass 3 (Iriffurn) Is formed by eolUsion 
of deuterium nuclei : 

!D-.|D=fT + {H. 

The number of artificial elements has since swelled to very large 
proportions. Some elements not known in nature (e.g. those with 
atomic numbers 43, S5 and 87) can be bo produced, but the most spec- 
tacular result is the synthesis of elements with atomic numbers and 
atomic weights higher than those of uranium (atomic number 02). 

Transuranic slsneDta.— Natural uranium consists moatly of the two 
isotopes *«U (99‘3 per cent) and (0 7 per cent). >Vhen is bom- 
barded with neutrons it is converted into two new elements with atomic 
numbers 93 and 94 called oeptuaium (Np) and plulooiusa (Fu), respectively 
(named after the planets Neptune and Pluto) : 

Neptunium and plutonium isotopea are formed by several other nuclear 
reactions. 

The isotope 8»U when bombarded with neutrons undergoes fission into 
two parts, radioactive isotopes of barium and kiypUw. and more neutrons 
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ore emitted so that an atomic chain reaction b set up. Owing (o the loss 
of total mass in the process (p. 13) a vast amoimt of energy is emitted. 
Tills is the principle of the atomic bomb and atomic energy. Phitoniiim 
may undergo lission and produce an atomic explosion, The isotope 
callcil is the parent of U-Y (Fig. 235). 

Bombardment of and by very high energy' helium ions forms 

two radioactive elements of atomic numbers 95 (aaeridua, Am) and 
9li (curium, Cm), which seem to belong to Group III : 

*yPu=*ilAm*/|- 

*JJPu + jHe**}JCm + 3j«- 

Americium and curium isotopes arc formed by otlier nuclear reactions. 

Tw'o radioactive elements of higher atomic numbers, berkelium, Bk 
(at. no. 97) and cslifomium. Cf (at. no. 99) are formed by bombarding 
americium and curium, respectively, with high 'energy helium ions : 

*JjAm+jHos*i|BU ♦Sj" 

‘JJ(.’mi-lHes*yC‘f + 2i»* 

Transuranie elements with atomic numbers up to 100 or so have also been 
obtaincil. 'Fhe extension of the process may be limited by spontaneous 
(ission. 

The fusion of protons and neutrons to form helium nuclei, at the 
enormous temperature of an atomic bomb explosion, liberates a great 
amount of energy* owing to the loaa of mass (see pp. 13 and 387). Ihis ji 
tliv principle of the byd^eo bomb. 


CHAPTER XXrv 


THE STRUCTURE OF THE ATOM; 

COORDINATION COMPOUNDS 

The structure of the 4tom. — Da Hon and chemtsU fjonernlly 
out the nineteenth century regarded the atom as n kin<l uf minute, 
hard billiard ball, incapable of division, all the atoms of a given element 
being exactly alike. The discovery of isotopes disproved the »ocon<l 
assumption.' Ever since Prout in 1815 suggested that all elements ar<* 
formed from the lightest element, hydrogen, chemists suspected thal 
atoms might be divisible into simpler parts, though svhat those parts 
were or liow the division was to be tnade no one knew. With tin* clis- 
covery of radium by Madame Curie in IH08. and the investigation of 
radioactivity, it became possible to explore the inner structure* of the 
atom. 

The atom of hydrogen was pictured by Rutherford as consisting of a 
very small positively charged oueleus, outside whicli and at a eonsid(*r> 
able distance from it Ua negative electron which neutralises the charge 
of the nucleus. The nucleus of the hydrogen atom is called tlie proiea. 
An uncharged particle called the asutroe, of the same mass as the 
hydrogen nucleus, is also knoum. Tlie nuclei of atoms heavier than 
hydrogen are supposed to be built up of protons and neutroais ; the 
number of protons is equal to the positive charge of the nucleus, which 
is equal to the atomic number ; the sum of the protons and neutrons 
corres]>cnds with the atomic mass. Outside the nucleus are as many 
electrons as there arc protons in the nucleus. Since isotopes have the 
same atomic number, their nuclei have the same number of protons hut 
different numbers of neutrons. 

In Rutherford's theory and its development by Bohr (p. 427) the 
electrons were supposed to be revolving around the nucleus in orbits, 
like planets around the sun . The neu*cr developments of atomic theory, 
involving the wave theory of the electron (p. 435), have modified this 
picture, and the idea of point charges (electrons) revolving in definite 
orbits is no longer entertained. 

The next atom to hydrogen, helium, is supposed to have a nucleus of 
mass 4 and charge 2, composed of two protons arid two neutrons. 
Outside this nucleus are two electrons. In still licavier atoms the tu'o 
electrons of the helium atom are retained in an inner shell ne.xt to the 
nucleus, and successive atoms in the periodic table mav be supposed 
to be built up as follou*8. 

The positive charge of the nucleus increases by 1 unit for each sue- 
ccssive step in atomic number. The mass of the nucleus increases 
usually by more than 1 unit, by addition of protons and neutrons. The 
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structures of the atoms from hydrogen to neon can then be represented 
M follows : 


H 

HueJttiS 

1 

Charge on 

1 

Oultr 

eUdron^ 

1 

He 

4 

2 

2 

Li 

7 

3 

2 + 1 

Be 

9 

4 

2 + 2 

B 

II 

6 

2 + S 

C 

12 

6 

2 + 4 

N 

14 

7 

2 + 6 

0 

16 

8 

2 + 6 

F 

19 

9 

2 + 7 

Ne 

20 

10 

2 + 8 


When a 2*electron shell is completed with helium, a new shell begins to 
be formed containing from 1 electron in lithium to S electrons in neon. 
The structures of the next period of atoms higher than neon is a repeti* 
tion of this, a new shell of 8 electrons being completed with tlie next 
inert gas. argon. Tfu outer ehelU of oU the inert gaeee contain 8 etectrons. 
and this stable grouping of an octet of eleettoDt suggests an arrangement 
at the comers of a c u be {G . N . Leuis, 1016). In Fig. 238 the i nner shells 




r 

□ 

J 




Li 


Be 





F^o. 23S.^^truciuro of stoens on the octet theory. 


are supposed to be inside the cubes, only the outer electrons being 
shown. 

The eight elements in periods 2 and 3 correspond with the completion, 
step by step, of two successive shells of 8 electrons around the nuclei ; 
the positive charges of the nuclei increase in steps of I unit from one 
element to the next. Periods 4 and 3 contain 18 elements each, so that 
it is supposed that shells of 1 8 electrons arc completed. Since the outer 
shells of krypton and xenon each contain 8 electrons, there must be 
complc^ shells of 18 electrons below them, the original outer sbell of 
8 in the caw of argon and krypton thus expanding to 18. The eleclroiuc 
structures of the inert gases are therefore : 


He • 

. 2 

No 

. 2 + 8 

A 

• 2 + 8 + 8 

Kr 

. 2 + 8+18 + S 

Xe 

. 2 + 8 + 18+16 + 8 

Rn • • 

. 2 + 8 + 18 + 32 + 18 + 8 


Period 0 contains 32 elemenU, hence 32 electrons are added in 
succession in passing iron xenon to the radioactive , V* 

passing through the series of rare earths, the inner group ot 18 elec* 
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trons of xenon expends to 32, whiUt the outer group remains as H -f 3 
(or 9 + 2) electrons. This explains why the rare earths aJi belong to 
the same group and have the same valency. . . ^ 

The arrangement of electrons around the nuclei of the atoms ot the 
elements is shown in the table below. All elements having tlic same 
completed groups of electrons (2, 8, 18 or 32) are shown in the same 
horizontal row, and the vertical columns contain elements with the 
same number of electrons in the incomplelo outer prou|w. sliou ii at tlic 
top. The electronic arrangements are read off as follows : 

02+6 Ca2 + 8 + 8 + 2 >>2+8 + 14 + 2 


When scandium is reached, instead of the group 2 + 8 + 8 +3 being 
formed, the group 2 + 8 + 8 expands to 2 + H + 0 and 2 electrons form au 
outer shell. In the ion Rc‘*' these two electrons and one from the inner 
group arc lost, so that the scandium Ion haa the same outer structure aa 
argon ,2 + 8 + 8. The upper limits of covalcncies (see p. 4 1 2) 8, G and 4 
arc marked by heavy horizontal lines. 



In the case of some elements of higher atomic weight the groupings of 
outer electrons may be somewhat different from that shown in the table, 
e.g. Mo 2 8 18 13 1 ; but since the electrons in the outer shell and the 
shell below this can function as valency electrons, this is not important 
in explaining the chemical properties. 

The electronic theory of valency.— A lithium atom reacte with a 
fluorine atom to form U* and F” ions by the transfer of the outer 
electron of the lithium to the shell of 7 electrons of the fluorine. The 
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lithium ion has the electron pair of the helium atom as its outer shell, 
whilst the Huorine ion has an outer octet of electrons like neon. The 
tran sfe r of t he electron gives rise to the charges of t he ions . The chlorine 
atom has an inner octet (the neon structure) and 7 outer electrons. On 
reaction with a sodium atom, with an inner complete octet and I outer 
electron, the sodium loses 1 electron and the chlorine gains 1 electron, 
the ions Na+ and Cl“ being formed, each with the complete external 
octet of argon. In such compounds as Li+F" and Na*Cl- tkert is no 
/rue i-oUficy bond be/u'een tAe ions, these being held by electrostatic 
attraction in the lattice whilst in solution the ions are free. Such a bnk 
is sometimes called an elsctrofsicat Uak or an tlectrofAleaey. 

Lewis assumed that in (he formotion of an ordinary single valency bond 
(coTtleot Uok or cet tltocy) a pair of eleclrons is sAcred in common by fwo 

atoms. In this way one or both atoms may com- 
plete an octet of electrons. The w'ater molecule is 
formed from an oxygen atom with 0 outer elec- 
trons and twohydrogen atoms each with 1 electron, 
and the oxygen in w*ater is surrounded by 8 elec- 
trons (Fig. 239). The formation of a chlorine 
molecule from two atoms of chlorine » each with 7 
outer electrons, may be represented by two cubes joined along an edge, 
this edge having a shared {>air of electrons and representing the single 

bond (Fig. 240). If the outer electrons are represented by dots, each 

* * * 

atom of chlorine will be ; 01 ' and the chlorine molecule will be : Cl : 01 : 

which is the electronic formula corresponding with the structural 
formula 01 — Cl. In this case each chlorine is surrounded by an octet of 
electrons. It sliould be noted that the chemical symbol Cl now repre- 
sents the atomic nucleus plus the completed shells (2-1-8} of inner elec- 
trons other than valency electrons ; tliU is called tf)C atomic core. 



Fio. 239.— Water 
molsculs. 





d 

— 

P 




FlO. 240. — Fon&ation of chlohno molecMlo. 


A double bond is formed by /ot/r equally shared electrons, two from 
each atom, i.e. /uo sliared jwirs of electrons. Fig. 241 shows the forms- 

tion of carbon dioxide from C:-t-2:Or — rO::C::0: the double 
bonds in 0=0=0 cacli having four electrons. 

A triple bond is formed by stx equally shared electrons, three trom 
each atom, or three shared pairs : 


H* 



• H give H : C r : : C : H or H— CsC— H 
: N : give : N : : : N : or N“N. 


It must be remembered that the octet representation is pictorial 
and the arrangement of electrons outside the core is not necessaniy 


cubical 
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Electrons which belonged to different atoms may for oloanicas bo dis- 
tinguished by using crosses, etc., but in the resulting borwl there is no differ* 
ence between the electrons ; 


H— 0— H 

H— Cl 

0 ^ C = 0 

H : 6 ; H 

H : Cl: 

O: • C- :b 
' . . 

H : b : H 

H : Cl: 

• • 

O : : C : : 0 


When the pair of electrons required to form a covalent link comes 
from ikt iamt atom instead of being provided by and equally sharc<l 
between two atoms, a eoerdiasie liak is formed. Coordinate links nr<* 
formed when apparently satu- 
rated molecules add on other 
molecules to form what w'crc 
called " molecular compounds 
Boron has 3 electrons in the outer 
shell and can share these with 3 
fluorine atoms, forming the satu* 
rated compound boron triHuoride 



« . , , ^ rio. 34i.~rormai»on oi caroon uivxints 

rounded by 0 electrons . N itroge n 

has 5 outer electrons and shares 3 with three hydrogens forming 
ammonia NH^, with an outer octet around the nitrogen. Of this 
octet 2 electrons form alone -pair, i.t. are unshared. This pair may bo 
donated to tha boron atom in BF,. so rai^ng the number of electrons 
round the boron from 0 to 3. The resulting link may be denoted by 
an arrow instead of a Line : 


H : F: 

H :F: 

H ;N :+B:F; 

- H :N : B: F: 

H :‘k:’ 

H :F: 


Actual measurements show that this type of link is longer than an 
ordinary covalent link. Since the shift of charge in the molecule leaves 
the nitrogen with a smaller share of negative electronic charge than tlio 
boron, the link may be denoted by 

HjN+— -BP, 

and, (as it has some character of a covalent bond and some of an 
electro valent link) it has been called a eemipoiar double bond or co-ionic 
link. For this reason ammonia adds to many metallic salts, forming 
>vjiat are called cooHistUoa cempouads, e.g. Co(NH,),CJl,. The number 
of groups coordinated with the metal atom (ecordiattioa aaiober) is 
iisually 4 or 6. The atoms or ^ups attached to tlie metal (or other 
‘central” atom) in coordination compounds are attached by co 
valencies and arc not ionisable ; those “ outside ” the complex nucleus 
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are linked to it by electrovalencies and are toniaable. Hence the nucleus 
is often enclosed in s<iuare brackets to show that it forms either a 
neutral molecule or a single ion : 


(Co(NH,),]Cl,= [Co(NH,).]- + 3CI'. 


A single ^hartd electron has been represented by a line between the two 
atoms u'hich share it, un^artd electrons being represented by a super* 
script number : 


Cl 

•n* 

Cl* 


i 


li 

Cl* 

Cl— C— Cl 

1 

:Ci:C:Cl: 

a*=c=ci* 

1] 

^\U' 

j 

Cl 

:C!: 

* « 

II 

Cl* 

C|»/ \| 

1 

It 

III 

IV 


Formulae I and II show the usual graphic formula ancl the electronic 
forrnula, respectively, of CCh ; formula HI is wTitten in the way just ex* 
plaine<l. Formula is a siiggestetl formula for PCh. Since Che valency 
electrons are accounted for. the s)'mbols of the eloments stand for the 
atomic cores. 

If the assximption that the outer completed group of electrons is 8 (the 
octet rule) is to be maintaine<l. tlien it must sometimes lie sijppose<i that 
atoms may be linke<l by single electrons instead of by pairs. For example, 
phosphorus penUchlori<le must be repreHenlod as shown, with two 
lioflet links. 

It ia. however, assumed that the octet nile does not necessarily apply 
elements beyond the (irst three periods, and in some cases not even tr) these : 
the sulphur atom in SF„ for example, is Burf««inde<l by 12 electrons 

(;S r + OF')* 

Types of atomic linkage. — Thr examples given enable us to recognise 

two principal typea of atomic linkage : u t 

(I) Electforsleocy in polsr or ioaic cempooaCs (salts); the result oi a 
tranaftr of electrons from one atom to another to produce two 
onrositelv charged ions, each w'ith an lndci>endont existence. Between 
them there is no valency bond (in the otxlinary sense) but only non. 
directed electrostatic forcea. khteb ion forms a complete atomic core, 
U. its outer electron shell ia the same as that of the inert gas nearest 
to it in the periodic table : 


:Na: - + - a : - :Nar*«** :C1:- 

(2) Co..l.i.c 7 in MQ-polu or eorelent c«ngwuo4. (not ioniMsI) : jliw ^ 
thariiui ofeli'Ctrons betxvcen l«o «toni8. each «l.aml f«iir constituting 
aii oXiarv valcncv bond, four sliarcd electrons a double bond, an 
six a triple bond. The substance c-onsists of iietitral moI«cul« - 
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Coordlaate or Msu-polar boada ; formed by pairs of cJectrons 
contributed by one of the atoms : 

FjB + : NH, give PjB -- NHj 

Solid cryrttls n»ay consist of (a) ionic U«ic« (salts) ; (6) moltcuUr Icitiec* 
e.g. solid 0,. N*. CO, NO. CHj-CH,. in which the intormolccular forces 
{between the molecules) are tUfferenl from the ititramoleoular lora*^ 
(between the atoms) ; tliese arc usually nori-eonductors of electricity 
and relatively volatile ; (c) Uyer Isttiec* made up of lar^e ions each 
associated with two small ions forming practically electrically iicutral 
layers held together by weak non* polar forces and easily split into 

thin sheets (t.g.. Cdl,. Mg(OH)„ etc.) (Fig. 242c) ; (d) and 

o^o^o^o fi fi 

O o o o p P p 

a 6 c 

Fio. 242.'^Typee of lattices. 

their compounds with one another : (Na), (Cu), [CtijMgl, j>erhaps 
lPd|H), in which there ia probably no difference betw'ecn inter molecular 
and intramolecular forces ; they are difBeultly volatile and conductors ; 
(e) according to Grimm and Sommcrfeld, solid elements in Group IV. 
or binary compounds of elements from tw*o groups equidistant from 
Group l^' on opposite sides, form atomic lattices w*ith tetrahedral 
linkages, as in the diamond lattice (p. 301) : 

(C) (Si) [CSD [Oe] (SnJ 
[AIN) (ZnS) (Agll: 

these are mostly non*volatile» hard, and non-conductors; (/) in 
crystals of sobd argon or of other inert gas atoms tlxe intermolecular 
forces are identical with the Intramolecular forces, as in salts and 
metals, but are non*polar. 

The distinction betw*een ionic or polar (duah’sffc) and cofSloet or oon-polsr 

♦ - 

(unirory) compounds is evident from X*roy anal>*sis NaCl ; diamoncl) ; 
by residual rays ; by optical activity or special kinds of stereoisomerism 
which necessitate directed covalent <non*polar) bonds : by colour, etc. 

ionisation of a polar salt |>roduces little change of colour). In p<ilar 
cumpounda the sum of the outer electrons Is 8 or a multiple of 8 (c.g. 
s s .... 

NaCl) but not in non*polar compounds (: F : F i.e. 14). 

Abegg distinguished tlio (>olar character of an element by : (I) ionisation. 

e.g. HCl s H+ *f Cl“ ; (2) hyilrolj-sis. t.g. P,N» + I2H,0 a 3 H,P *04 + 5NH, ; 

(3) position in the periodic table os compared with that of other elements 

— 

with which it combines, t.g. SyCIs 5 (4) the formulae of com|M)utKls in which 
it exerts its maxlmoni valency. The last criterion is based on Abegg‘s 
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theory that an element has a nonnsl tsIcdcj and a eontnf Aleii^» the sum of 
which Ls equal to eight : 


Group 

- I 

n 

m 


V 

VI 

VII 

Normal valency 

• +1 

-1-2 

-1-3 

±i 

-3 

-2 

- 1 

Contra* valency • 

• (-7) 

(-6) 

(-5) 

+ 5 

-1-6 

*1 


E.g.^ S in H jS*- and S^O». If we repreeent the compound BF»,NH| with 
a semipolar tlouble bond, we see that the boron atom has a valency of - 5. 


CooRPHfATioN Compounds 

Werner's theory. — The formation of BPj. KHj from the two mole- 
cules BF} and NH^, neither having free valency in the usual sense, is 
explained by the formation of a covalent bond bctw'een N and B by 
the donation of the lone pair of electrons of the nitrogen to form a co- 
ordinate bond (dative bond semipolar double bond) : F^B NK,, 
a type of linkage believed to l)e present in large groups of 80 *calleii 
coordination eoapouada. first systematised by Alfred Werner (1893). 

The saturated molecules PtCl 4 and 2HCI conibine to form a stable 
dibasic acid H,PtCI«. capable of ionisation and of forming salts such as 
KjPtCI^. in which the chlorine is not ionisable but is firmly bound to 
the metal atom, silver nitrate giving AgjPtCI,. not silver chloride. 
Werner represented HjPtCl, (the valency of the metal being shown 
by a roman numeral) as : 

H,(Pt»'*Ci,| ps 2H* 


the group in sejuare brackets forming a complex oueleui. The com- 
pound PtCl* also combines with ammonia to form PtCl 4 (NH,)|, which 
fins no ppo|>crtirs of a salt but behaves as a neutral molecule ; it givea 
no reactions for Pt** or Cl' ions anrl forms a non-conducting solution. 
It is an unchanged nucleus : (PtCl 4 (NH,),|. In the stable compounds 
containing tervalent cobalt and ammonia (cobsltftoiniQM), and in tho 
cobalt (nitrites, the cobalt atom is also as.sociatcd in the nucleus with 
six atoms, radicals, or neutral molecules : 


(а) [Coin(NH,)JCl,*lCo«*(>;H,)4|'" 30' 

(б) [Co»»(NH 3)4C1,1C! »(Co(NH,)4Cl,r -f Cr 
(r) |CoIH(NO,) 4]K3=3K* •*-(a»(X0,)4l'". 


In compound (6) only onc-third of the chlorine is ionisable 
as ions bound to the positive nucleus by clect^tatic fo^s. like the 
ions in salts; the rest of the chlonnc is firmly hound to the molal 
atom in the nucleus by covaWncies. In a simi ar way, ferro- and 
ferri-evanides contain cyanogen radicals attached by 
the iron atoms in the nuclei and show none of the reactions of jroi» 

or cyaniJt-s ; 

K 4 lFc"(CN).l =4K- + lFe"(CN).r" 

K.[Fc‘"{CX),| 3K +(Fc''>(CN),|"'. 
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Altiiouizh in most cases the central atom in the nucleus is a metal, 
non-metallie compounds may bo similarly represented, t.g. with ?' 
and S'* : 


0 0 1 


0 0 1 

0 H 1 I 

0 0 1 

1 

"S 0 1 

p 

Ha 

P IHj 

P 'h ! 

s 

H* 

s ! 

0 0 

1 

0 H 

0 H 

0 0 


0 0 


The atoms or radicals in the nucleus are saki to bceootdiatted with the 
central atom, and since they are not ionisablo must lx* attached by 
CO valencies. The miml)er of such ^»rouf»s, wliieh is often sI.n. hut 
may he four as in and sometimes ciglit a.s in 

lMo{CN)j|) K 4 + 2 H 2 O and IW(CN)*| K|, is callc<i the coordiostioo oumbef. 

Tor valent cobalt and quadrivalent platinum have the coordination 
number six ; bivalent platinum lias the coordination number four. 


C^oropounds of Cotlt 

[Co(NHj) 4 ] Clj /«#<«>« lt« 


Clg posrO'Saiio 


1 Clf pNppupro'saltH 


1 Cl p^OMO'UllS 

['-sk; 

1 2 forms : 

Cl ytdrO'SsKs, rfor«o*!islls 

(X 0 | is the nitrite rsdioel) 
. 2 forms : 

Gibbe's orange 

[-la: 

Kftiinenn^s orange 



[-!a 

|Na, 

(Co(NO,).]K, 


('ompoumlfl of PtIV 

(Pt(NH,).] CI4 
|Pt(NH,),Cl)CI, 

|Pt{NH3),CljlCl,ifor.ti» 

(Pt(NH,),a3)Cl 
(Pt(KH3),Cl4) i forma 

(Pt(NH,)Cl.lK 
IPlCI .1 K, 

('oinpounds uf PtII 

|P 1 (NH,) 4 )CI, 

[Pt(NH,),CllCl 

(PttNHjl^CI)] 2 fonni* 

[Pl(NH,)ClJ K 
[PtCl^] K, 


Tlie existence of isomeric forms of some types is mentioned. Tiiat 
the formulae correctly represent the numbers of ions formed is ahown 
by the molecular conductivities at equal conceitt rations : 


[Co(NH,),] CJ, (Co(NH,»,NOdCI, (Co(NH,MNO,)d Cl [Co(NH,)dNO ,),3 
4 ions i 412 3 ions: 240 2 ions ; 97 no ioiw : I f) 

fCotNO,),] K, — [Co(NH»),(NO,b) K - 

4 ions; 418 2 ions ; 97 


Valency rule for coordination compounds.— An examination of the 
formulae given above shoe's that (i) the eUctronUncy of the nucleus ie 
eqv^ fo the poatUte raUney of the metal or other central atom when this U 
coordinated only with neutral inolecules such as NH, or HjO • (ii) if 



418 INORGANIC CHEIkllSTRY (crap 

radicxtU such as Cl, NO*, Or CN. which may U retjarded as ions, 
are in the nucUns, the positive roteney of the f«n/ro/ atom is reduced hy one 
unit for each unit of etectrovalency present, and if the negative xalency of 
these radicals exceeds the positive xaleney of the central atom, the nucleus 
as a whole becomes negative and is associated with a corresponding number 
of positive ions outside. For example : 

[Pt*'’(NHj),Cl,) haa a valency of 4 > 2s 2 and forms lPt(NH,)*CI,)CI,. 

[Pt^'(NHj)CU] lias a valency of 4 - 5s - I and form* (Pt(NH,)Cl,lK. 

(Fe^l^[CN),) has a valency of 3- 5s - 3 and forms K)[Pe(CN),]. 

[Fe**(CN),l liaa a valency of 2 > C ^ - 4 and forms KJFetCN),]. 

[Co*l*(SO<)(NHj)»]h*aa valencyof 3- 2s I and forms (Co(NH,)*SO*]Br. 

(Co*l*(NH,)|Br)haaa valency of 3 - I » 2and forms (Co(NH,)»Bf]SO,. 


The last two compounds are isomeric ; the first behaves in solution 
as a bromide, the second as a sulphate. 

Positive and negative nuclei may also form salts with each other, 
e,g., (Cr(NH,)j](Cr(SCN) 4 ], with valencies of 4 Sand -3, respectively. 

Multi •coor(^ating groups. — In some eases groups may occupy two, 
three, or four coordination positions. 

(i) l-coordinating groups (formerly called chelate groups) are : ethyl* 
enecliaminc represented by en ; ««'-dlpyridyl 

(dipy) ; radicals such as 0^0/'. C0a",S0i", SO/', and the radicals of 
acetylacctone and dimethyl glyoxime. In the last two cases the group 
has one principal valency (due to loss of H from tlie compound) and one 
coordinate link is formed by the oxygen and nitrogen, respectively, by 
donation of a |>air of electrons to the shell of the central atom to 
which the group is attached. 

(a) In the case of acetyiacetone the radical is produced from the 
tautomeric roono*cnolic form : 


/COCH, 

H, C< 

^COCH, 

I. Acoiylsveloii*. 


C(CH,)=0 

HC/ 

^C(CH,)0— H 

11. Mono'cnoiic form. 


,C(CH,1=0-. 
. 0 - 

111. 2.c‘vord. group. 


Com|>ounds of acetylacctone with elements having coordination 
numbers of 2. 4, 6 and 3 arc known : 


(Na«Ac] (Be"Ac,] (BtMAc,]X' [Al»iAc,J [SiiVAc,]X' ITh^VAcJ 

Compounds similar to (AlAca) are formed with tervalent Ga, In. Sc, Y, 
Ce V Mn, Co, and are all covalent. With boron and silicon, ions are 

formed. 


The combination of three molecule* of aeelylacetono radical with an 
aluminium atom may bo explome<l thus. Ttw Al has three valency elect roiw 
which it shares with the elect roeu* mi Uie three lower oxygexis of formula IM 
above to form three single covalent links. Tlie three tip|»or oxygens fonn 
three cooRlinate links by donating three |iaija of electrons, so that the 
alumininm is surrounded by a group of 12 elecm>na (eovalency » 0) and a 
neutral molecule is formed : 
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(ii) A Z-CGordinaiinQ group is «^.triaminopropAne (»tp) : 

NHs CH, CH(NH.) CHjNH,, 

which forms compounds, by donation from the three nitrogens, witli 
Co** I, Rh***, etc. (Pope and Mann, 1926) : (Co tp^JCl^, [Rh tp^JClj, in 
which tp. occupy six coordination positions. 

(iii) A 4*coordiB<i/»«^ group is the enolic radical of ethylene diamino* ’ 
bisacutylacetone («ec), formed by condensing two molecules of the 
enolic form of acetylacctone with a molecule of eihylen^iamine : 

HOC=CHCO HsXCHjCH, NH, OCCH=COH 


CHj CH, 

and loss of two hydroxyl hydrogens : 


I 

CH, CH, 


iU <9) (4) (S) 

— OC=CHC=XCH, CH, N=CCH=CO— 


I 

CH, 


(!:h. 


in, (!h. 


This attaches at (!) and (2) by electron-sharing to form ordinary co> 
valencies and at (3) and (4) by electron donation to form coordinate 
links. The very stable cupric compound (Cu** oc] : 


CH, 

I 


CH, 



H, CH; 


was prepared by Combes (18S0). The cobaltic compound can add 
2NH, to complete the coordination number 0 in [Co cc(NH,) 2 ]' : 

CH, 


CH. 


1 NH, ! 

— Ov , .0 — c 

HOf VCH 

^C== 1 \N=*=C 

I NH, 


CH, CH, CH, CH, 

Another 4- coordinating group is ^^'^''-triaminotrlethylaminc 

K(CH,CH,XH,), 

(«tren), forming [Ni trenJSO^, [Pt** tron)!, (Mann 1920), with a tetra- 
hedral arrangement of valencies : 

^NH,CH,CH,v 
Ni^NH,CH,CH,-^N 
J * NHt CH, CH/^ I 
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CoordinaUoD and sUbUity.— Coordination oflon increiweft tlio stability 
of comiHiunfIs in a marked degree. AVhereiw ter valent cobalt is unstable in 
jis simple compovintls, tho colioliam mines are very stable. Cuprous nitrate 
forms a stoble compound with methyl cyanide, (Cu*(CH>CN)*lNOj. Cupric 
iodide forms stable coordination compounds such as [Cu*^(NIIah)I]> Co* 
or<lination compounds of bivalent silver are, e.ff. (Ag**(dipy),]X, (clipy = «a'* 
dij>yridyl, X«imi valent acid radical). 

BUctronic theory of coordination.— Coordinate links, which always 
liehavo as covalcncics, arc formed by the donation of a pair of electrons 
by an atom possessing a lone |>nir, such as nitrogen and oxygen, in the 
addenda (KHg, HjO, etc.), each bond so formed introducing two 
electrons to the shell of the central atom but not altering the elecfric 
charge, since the added molecule is neutral. 

Elect roi'alencies arc produced by such processes as the following : 
from a neutral complex in which t)ie atoms and groufu 

arc united by covalcneies, let one Cl bo removed as an ion, taking one 

electron from the shell of the metal to form : Cl : and leaving a positive 

charge on the metal. The pair of electrons so lost is then supplied by 
donation from a neutral NH, molecule added : 

[Cl3(NH,),Pt • Ci :) (CMNHjljPt)* + : ci : (CI,(NH5),Pt : NHa)*. 

» » • * 

A distinction is sometimes made between the coordination number and tho 
coiyi/cncy of the central atom. Tlicsaaro c<|uol only when oil tho covaloncios 
are single and there are no electrostatic links, but whon iloublo or Irijilo 
bonds occur between the central atom and ototns or groups attached to it, 
the coordination number is less than the covalency. 

Isomerism of complex compouAds. -^vcral types of isomerism are 
predicted by Werner s theory : 

(I) Etruciural itomtrUm in (he nucleus, t.g . : 

[no^ ^ *^0 ^ “"=]• 

(8) Ionisation isomerism, in which positions inside and outside tlie 
nucleus ore interchanged, e^. 

(Co(SOj(NH,),]Br and tCoBr(NH 3 ) 3 ]S 04 . 

(3) Coordination isomerism, depending on the different arrangements 
of groups in two nuclei in combination : 

lCr(NH3)4]*CCr(SCN)4] and [Cr(NH,)4(SCN),HCr{NH,)3(SCN)4). 

(4) Coordination polymerism : 

lCr(NH,),(SCN),] and tCr(NH,)s(SCN)], • [Cr(SCN),],. 
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(5) Hi/tiration isomerism : the groups NHj, Cl ote., in the nucleus 
may be replaced by water. HjO, forming aquo-com pounds ; 

lCV(NH,),p,^[Cr(H,0)(KH,),)CI,^(Cr(H,0)^^^^ 

ommine compound. aquo-compound. 

In such compounds, part of the ionisable Cl may pass into the nucleus 
and then ceases to be ionisable : 


fCr(H,0)(NH,),JCI,-(Cra(NH,)spl, + HjO. 

The two green chromic chlorides are isomeric compounds of this 
type: 

[CrCI(OH.)sp, + H*0 and [CrCl,(OH,)<]Cl 4 2H»0- 

The blue modification U [CrfCH^l^lCI). 

(6) Gtomeirical isomerism, due to the <liffcrent arrangement of the 
atoms and groups in space about the central atom. 

(a) Coordination number 4. Two cases arc possible : 

0) Tetrahedral arrangement of valencies. This is found w'ith 4* 
covalent compounds of some bivalent metab, e.g. zinc. [Pt(CH))3C)]i 
CoCl|" in CsjCoClt, and the optically active arsenic compound : 



A tetrahedral configuration is found in simple ions XO| : 

CIO4' MnO^' SO/' PO/" SiO/'"»eto. 

and in 'many simple covalent compounds of carbon, silicon, etc. 

(ii) Planar arrangement of valencies. This is found in a number of 
cases X-ray examination proves it for the com|K)unds K/PtCl,], 
KJPdCI,), (Pd" en,CM, (Co py.CI,]. (Pt"(NH,).] (PtCr,], (Pd"(NH,)4l 

[Pd^Clil, iPt^'tNHjhJClj + HjO. Cu“ w'ith acctylacelone, benzoyl* 
acetone, etc., dithio-oxalatcs of Xi. Pl'h Pd>‘ : 



When four groups, two of which, X. are identical, are arranged about 
an atom in a plane square, two geometrical isomers are possible, a cis- 


ISOMERISM OF COMPLEX COMPOUNDS 


423 


?CXJV] 


isomer when the X*groups are adjacent, and a ^ra»a>ieomcr w)ion they 
are opposite : 




B 


The isolation of ei^-trans isomers proves the planar arrangement in 
the glyo.ximes (p. 419) [Fd(NOf)f(NHa)t|and Pt" and Pd'^ cutn|MnjndH 
with glycine : 


CH, NH,. NH. CH, 

1 ^Pf 

CO 0^ O—CO 


CH,NH, ,0 C 

1 ! 


CO 0 


^0 
I 

HgN— CHj 


The magnetic susceptibility confirms the plane configuration with Pd 
compoiu^ds. 

The plane arrangement of valenciee was eetablislied fi>r bivalent (4* 
covalent) platinum and palladium by optical a<*t)vicy. In the cliplionyU 
dimethyl compounds the molecule is dissymmetric ond optically active (na 
was found) when the platinum valencies are in one plane, as shown (the 
plane of the rin^ is at right angles to the jilone of the pa|>or. tlie thick linos 
being above this plane) {Mills and Quibelh 1935) : 


.KH,— <K, 

C,h/| 


C,H4 




— .nhX \ 


CH^KH, 


NH^ 


^CH, 


With a tetrahedral arrangement of valencies the molecule would have a 
plane of symmetry and would not be optically activ'e. 


(6) Cooriinofion number 6. Nuclei of the type [MeR^X,] can exist in 
two forms, which are represented by placing the metal atom (Me) at 
the centre of a regular octahedron with six covalencios directed to tli© 


X X 



NH^ 


Fio, 243.— isomerism in octahedral configuration. 

BIX corners (Fjg. 243). {The possibility that the atoms are arranged 
m a plane hexagon is excluded because this would lead to fAree possible 
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isonier^, ^vhereas only two are known.) The two (univalent) nuclei of 
the com])ouncls [ColXHjI^X^JX are of this 137)0. The cw* modifications 
are clistinguisbetl from the /rana* rood ificat ions by their capacity for 
ring»formation between adjacent groups. 

In cornpounfls with coordination number 7, the bonds may be directed 
either towards tlw comers of a triangular prism and the centre of one fsce 
(I), as in the ion NbF.". or else towards the comeiw of an octahedron 





and the centre of one face (II), as in the ions ZrKf'*' and NbOFi'"'. In 
(he ion Mo(CK)a'" in the compound KaMo(CN)a. in which molybdenum has 
the coordination number 8, (he bonds are directed towards the eight apices 
of a figure forme<l by erecting a low regular pyramid on each face of a 
regular tetrahedron, the whole having twelve triangular faces (III) (tlt4 
cube fonn does not occur). 


(7) Optical isomerism. A convincing arguntent in favour of Werner s 
theory is the existence of optical isomers. These arise tvhen two com* 
(Kiuncls have such arrangements of (he atoms or grou|>s in space 
about the central atom that one structure Is the mirror- image of the 
other (enanliomorphism). The eom|)oun<i8 shown in Fig. 244 are two 
optically active c<s-forms (the metal atom is in the centre of the 
square), and there is also one optically inactive /rans-form^ shown on 
the right. The bivalent ethylenedianiine group cn in tl^e cfs- forms 
engages (wo valencies of the metal atom, one axial and one in the plane. 



eis 


traru 


Fio. 244. optical activity due to enanliomorphism in ootohcdml 

CM .ooniiguretion. 


Instead of ethylenediamine many other 2- coordinating groups can 
give rise to optical isomerism. e.g. the oxalate radical 0,0^" In t le 


XXIV] ISOMERISM OF COMPLEX COMPOUNDS 425 

ferrioxalates (Thomas, 1921), Ka(Fc(CtO<) 3 ], and similar compounds 
with tervalent AJ, Ct, Co, Ru, Rh, Ir : 



also aa'-dip^tidyl (1). a-phcnanthroline (II). etc.. 

Nv ✓N — . > — N 





T II 

The di])yndyl compounds with bivalent Cn. Fe, Nl, Pt and Ku arc 
resolvable into optical isomers. 

An interesting cose of high optical activity in a compound free from 
carbon (Werner, 1014) is that in which the univalent pM}7i'rri;rc>np con- 
Cuming ter valent cobalt (HO)gCo(NH 3}4 is eodnlinaCcd with ter valent 
cobalt in tlic conijnund : 

[Co{^CoiOH)^m,),U]fiU * 2H,0. 

C’osQs in which the positive charge of a nucletu is rairtcnl by the introduc- 
tion of a positive ion are very rare : muially an increased pnsiiivo charge 
0 rises from expulsion of negative ions by neutral groti|M. 

In some cases a itucleus can contain two (or more) central atoms, as 
in the compound : 

H 

0. 

on* COf- 'Co en. 

O# 

H 

formed by lof» of water from two molecules : 

£i.- 




and in the cobaltioxalates (Percival and Waidlaw, 1929) : 


H 

Ov 

Me** [(C, 04 )*Co^ ^‘Co(C,0*),]. 
H 


Other coordination numbers.— The coordination number 2 is found 
m some amines, e.g. (Ni(NH,) 4 ]C 4 , the number 3 in KfHgy. 
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Examples of the number 5 in coordination complexes are rare> and 
C8j[Co0ltl crystals contain the ions Cs', C 0 CI 4 ' and Cr, but there are 

neutral molecules in which five atoms or 
groups surround a central atom, t.g. PF^ and 
Fe(CO)(. In these the bonds from the central 
itom are directed to the five corners of a 
trigonal bipyramid. formed by putting two 
tetrahedra in contact at a face, as shown in 
tile figure. Coordination compounds in this 
class are those containing ter valent nickel and 
triethylphosphine, |Ni 6 r,{PBt,),] and [NiC4<PEt,)sl (Et ^ which 
are formed by oxidising the compounds of bivalent nickel cM^ntaining 
NiBr^ and MiOl^ with bromine and chlorine, respectively. Similar 
compounds with cobalt are known. 



CHAPTER XXV 


THE THEORY OF VALENCY AND THE STRUCTURE 

OF MOLEC ULES 

The Bohr atom model. — The airnpli:^! atom, tliat of hycirogon (At. 
No. 1), consists according to Bohr (1913) of one electron of charge 
- e rotating around a nucleus of charge -fO. i.r. a proton. First con* 
aider the orbits to be circles. If the nucleus were tlie sun and tlie 
electron a planet subject to gravitational forces, antf orbit would be 
possible, eacli with an appropriate kinetic energy of the planet u liich 
would keep it in that orbit against the pull of gravitation tending to 
drag it into the sun. In the ca.se of the proton and electron tliix is not 

I iossible. since the moving electron would give out radiation, gradually 
DSC energy, and fall spirally into the nucleus. Bohr assumed that 
there is now a limited number of sfo/ionaryor6i>s. in each of which the 
electron rotates without radiation, w'hilst when it |>aa»ies from one 
orbit to another it emits radiation according to the quantum equation : 

a:, -A’ j-hv 

where and are the energies in the initial and final orbits, h is 
Planck’s constant (p. .147), and v the frequency of the emitted radiation. 
The difference between the energies of the electron in the two orbits is 
omitted as the energy quantum b»'. 

An electron starting at an infinite distance will ])ass into successive 
orbits each nearer the nucleus, giving oflf energy between each transition 
until it arrives at the smallest |)ossible orbit (nearest the nucleus), wlten 
the atom is said to be in the normal staU. 

The possible orbits form a series of circles with the nucleus at 
the centre. Each orbit is charaeterised by a qut&tum oaaber », 
which determines the energy of the electron according to, and is 
Itself dc6ned by, the equation : 

l\^-Kh/n\ (I) 

wliere iC is a constant, having for the hydrogen atom the value : 

A:-2vVm/b»-3*29 x 10>> (2) 

e and m being the charge and mass of the electron, and h Planck’s 
constant. In passing from an orbit of quantum number n, to one of 
quantum number «j, tlie energy* radiated is : 


427 




(3) 
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and hence by the quantum equation, the frequency of the light emitted 
will be : 

_ . / \ I ^ 

( 4 } 




It ia important to notice that y is ttol the frequency of revolution of 
the electron m its orbit. 

When is given a small whole number value, 1, 2, 3 : and n, given & 
scries of higher whole number values (e.j?. ; nj »3, 4, 5. ... x ), 

equation (4) gives with great accuracy the frequencies (or wave* 
lengths X^c/v. where c* velocity of light) of the lines In the various 
spectral scries of hydrogen {e.tj. with the values just quoted tlie various 
lines of the Bat mar Mries. four of which were mentioned on p. 166). Thus 
n is alwa)*s a whole number (aero excluded) from 1 to infinity. Kfn* is 
called a term. 

If the nucleus has a charge and there is still a single electron 
of charge - e rotating about it, the value of K in (4) is replaced by Z^K, 
t.Q. for the singly ionised helium atom {Z m 2), the spectra arc given by 
eqtiation (4) with 4/f instead of K. This is true only wfien there is a 
single outer electron, since otherwise the electrons surrounding the 
nucleus exert a screening effect on its positive charge. 

The quantum numbers.^Still confining our attention to the hydrogen 
atom, wc may recall that the actual orbit of a planet round the sun, 
according to Kepler's laws, is an ellipse with the sun at a focus rather 
than a circle, and as well as circular electronic orbits we may also have 

c'lliptical orbits in which 
the electron has the same 
energy as in a corrcsjwnd* 
ing circular orbit. Each 
orbit will thus, by (Mi be 
characterised by a tot it 
quantum number u, but each 
el I i pse for a g i ven val uc of 
ff re<| u ires anot her n u nj her 
k for its definition, called 
u subsldiaiy qusatum Dumber : 

k has also whole number 
values (zero excluded). 
Kio. 24 S.- U>jhr orbits. ' cry nearly, the ratio of 

the total to the subs id iHO' 
quantum number «/i is that of the major to the minor axis of the ellipse. 
For the circular orbit this ratio is 1 , and the orbit for which the prmci(>al 
and subsidiary quantum nnm1>ers are ecpiiil (« is always a circle. 



If w© denote a particular orbit for which the two <inont\im numbers nr© 
n an<l k by /u- the orbit U always a circle. For a total quantum riumt^r 
n the ciuantum numlwr k may hove n vnlucn. viz., 1. 2. 3. ... rt. For a prin- 
rinol ciuontum number 4 {n 4h k 1.2, X 4. ami the four |>ossihIe orhiW 
arc one circle 4„ and three ellij^ 4,. 4, and 4,. in which iho mtios of 1 1 
major to tho minor axw arc 4 : J, 4 : 2 and 4 : 3. rosjujcmvly. Thc^ «>rbus 
uro shown in Fig. 245 together with tho I, ; 2i. 2, j and 3», 3,. 3, orbiW. 
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Tile splitting of spectrum lines when the source (e.g. a sodium flame) is 
in a magnetic fletd (ZMmao eflect) introduces a third or magnetic qua&tum 
number m, which defines the angle between the plane of the electron 
orbit and the direction of the magnetic field. 

Additional refinements appear in spectra as fine structure : oacli 
hydrogen line, previously regarde<l as single, really consists (»f two, very 
close together, but visible with spectroscopic ap[wiratus of high resolving 
power. To explain this requires a fourth quantum numlK-r. which <]c*- 
fines the spin of the electron about its own axis : this givo .4 the elec tron 
a moment of momentum and also a magnetic moment (since it nets as a 
circular current). Each of these always has the sjime numerieal value 
but the spin may be in one of two directions, so that this ipia quftotun 
number 4 can have two values only', which are | and - L 

In place of Bohr’s X*, the new quantum theory inlrcMluces a quantum 
number / -X-l, always I less than k. Every electron in the atom 
is uow characterised by definite values of /our quantum numbers ; 


«- 1, 2, 3, ... * ; 
f-O. 1, 2,... (n -1): 
m-/. (/-I). (/-2),... 1,0, 

«- + i. -i 


- 1 ,... (-/+ 1 ). ~l-. 


The spin and the revolution of the electron in its orbit combine to 
give different values of an laaer quantum aumber j, and for an atom with 
one electron : 

For the smallest value of /, v«. 0 ,) is given only one value, + J, but 
for all higher values of ( it has two values. corres|>onding with the 
doublet character of the s|)ectral terms. 

It will be seen that the magnetic quantum number m as here defined 
has all positive and negative values of /, including zero, and for each 
value of I there are { 2 / 4 I ) values of m. 

Pauli’s principU.— In an atom containing more than one elect rxm 
an empirical rule called PauU's priadpie holds : i*« fhe same atom there 
cannot be more than one electron having all four quantum numbers, w, I, 
and 4 the same. Thus, there can be only two electrons having the same 
values of », I, and m, and for one of these + J and for the other 

If n ■ I , then f ■() and m -0. There are two values of s. +4 and - 4, 
hence tliere can be only f»eo electrons of principal quantum number 

n*l, 

ForU0,m-0ands-±J. For f- I, m has 
the possible values 1 , 0 , - 1 . Each of these can be associated with two 
values of s, ±J, giving sis possible coses, and with the two for f -0 
eight in all. 

o n ^ three cases are 

hi V ' ?k respectively, or 9 in all. Each can 

nave the two values of a, ± 4 , making a total of 18 

are 0 " if’ u ^ o ‘ha four cases 

are 0 , ( 1 , o, - 1 ), (3, I, o, -I, -2) and (3, 2 , 0 , - 1 , - 2 , - 3 ), 
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respectively* or 16 in all. Each of these can have the two values of 
^ making a total of 32. 

Since the maximum number of values of m is (21 + 1) and each can be 


associated with the two values of a, 


the 

maximum 

number of 

electrons in a sub-group is 2{2f -i- 1) : 







Tabus 1 






Level n| • • 

2. 2, 

3. 

3, 

3, 


4, 4, 

4, 

i • . • -0 

0 1 

0 

1 

2 

0 

1 2 

3 

Max. no. of electrons • 2 

2 6 

2 

5 

10 

2 

6 10 

14 

2 

8 


16 



32^ 



In spectrum notation letters are used to denote the values of the quantum 
number I : 


/ •• 0 1 2 3 4 5 

Symbol • • a p d j g h 

Thus a 3/> electron has n «« 3 and 1 . (The symbol a is also iise<l for the 
spin quantum number, and the two uses must not be confused.) An upper 
index denotes the number of electrons in the ^iven slate : thus (res<l 

two in Is.’* etc.) means two electrons with n^l and / = 0, and four 
electrons with n » 2 and f s |. 


The Periodic table. — Since the numbers of electrons in the groups in 
Table 1 correspond with the numbers of elements in the periods of the 
periodic table : 

2 8 8 Ig 18 32 (10] 

it was at first thought that, as each period (except the last incomplete 
period) ends w'ith an inert gas : 


He Ne A Kr Xe Rn — 
the numbers should give the numbers of electrons in the outer electron 
shells of the inert gases. It is noa* knouTi that (he 9uler eketron gregp is 
g ior aU the inert gaees. and hence after argon some of tfic inner shells of 
electrons must be left Incomplete whilst an 8*electron shell builds up 
over them. The successive electron shells, starting with the one 
nearest the nucleus, are symbolised in X.ray noUtion <p. 303) os 

K. L. J/, O.PBndQ. 

The group of 2 electrons with «- I completed with helium torms a 
A'-shcll nearest the nucleus which isaUo present in the atoms of all the 
other elements. Above thU. a shell of from 1 to 8 electrons isconiplet^l 
from lithium to neon, the nuclear charge increasing in steps of I , and the 
mass bv larger steps by addition of both protons and neutrons to 'he 
nucleus These 8 electrons with »-2 complete a second or //•shell. 
A tlurd or AZ-shell of 8 electrons with n - 3 is forme<| on (ifl.'vsjiig from 

80 ^ um t^^t^^n^ in each group with the same principal qnatituin 
number « are not all equivalent, since they have different values of the 
^rkl quantum number /. as required by Pauli s principle. 
there is one 2s electron (» -2. / = 0). in beryllium two. and this is the 
maximum number They are valency electrons. Of the three m-2 
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electrons in boron tliere are two 2« and the third miwt Ik* a 2/> (« *2, 
/-I) electron- There can be six 2p elcctrona, and this maximum is 
reached with neon- Fluorine and oxvgcn atoms tend to bind these 
electrons to reach a stable neon structure, but as their nticleur charges arc 
only? and G, respectively, they then form the negative ions F and 0" , 
neon with a nuclear charge of 8 being neutral with 8 outer electrons. 

In the next period n - 3 and the electrons form an jV - shell. Sodium 
has one 3a electron, magnesium two, and this is the maximum number 
for n-3, In aluminium the third electron i* a 3p {« »3. / - 1), 

and the six 3p electrons possible are added when argon is roarbed. 

The next |)eriod is a long period of 18 elements. In potassium the 
first electron goes into a 4a (m*4, t^O) level, and ten ‘Sd (« *3, 1*2) 
levels are left empty for the time, since the energy in a 4s level is smaller 
than that in a 3d level, and the electron occupies a level in which it 
has a lower energy- 

Calcium lias two 4s valency electrons. With scandium, owing to the 
increased nuclear charge, the inner level begins to fill and the electron 
goes into the 3d level. The outer structure of argon, 2 | 2 G | 2 0 (, ha.s 
begun to fill up towards its maximum of 18, and the scandium struct uro 
is 2 I 2 0 1 2 0 1 1 2, derived from that of calcium 2 | 2n | 2G | 2 by 
addition of an electron to an inner 3d level. This goes on as far os 
chromium, when one of the two outer 4s electrons drops to a 3^/ level, 
which now contains 5 electrons. These remain in manganese and the 
next electron goes into the 4s level (see Table II, p. 432}. 

Iron, cobalt and nickel have 6, 7 and 8 electrons, rc8{)ectivcly, in dd 
levels. With copper, another electron dro|>s from the 4s level, making 
8 10 ■ 18 in the 3s, 3p and dd levels and 1 in the outer 4s level. Tho 
inner 3-quantum levels now contain the maximum number of 18 elec- 
trons allowed by Pauli s principle (Table I). This completed inner 
group of 18 electrons persists unchanged in all the remaining elements, 

The arrangement of electrons in the elemenU from titanium to copper is 
rec|uired by the spectra and also explains (i) tUo chemical nn<l physical 
pro])erties of the elements V, Cr. Mn. Fe. Co end Ni. viz. the arrest of tltc 
valency to 2 or its variation by one iiuit at a time (although V, Cr au<i Mn 
have very varying valencies, as shown below, these <iiffer by one), (ii) tlio 
paramognetism and (iii) the colour of the ions (supposed to be ebnrart eristic 
of incomplete iruter groups), (iv) the changes of direction in the X-rny 
curves (Fig. 231), and (v) the appearance of ilie first triad (Fo, Co, Ni). 


Element. 



\'a]enciM. 


Ti 

2 

3 

4 


V 

2 

3 

4 

5 

Cr 

2 

3 


6 

Mn (I) 

2 

3 

4 

S 

Fe (1) 

2 

3 


8 

Co (1) 

2 

3 



Ni (1) 

2 

3 

4 


Cu 1 

2 





This filling up of ineompleu inner leveb was first suggested by Ladenburg 
(1820) and explained by Bohr. 
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THB PBRIODK* TABLE 
From copper to krypton the 4.t ami 4;. levels fill up normally until 

with kryptirthev contam 2 - 6 -KclcctronHaml the 

A new period *l>egms with rubidium, in svhieli a IcHisely- bound 
electron appears, the 4r/ and 4/ levels remaining empty. After slron- 
tium witli two 01 elc-etrons, the next electron goes into a lower 4r/ level 
in yttrium, and this level is gradually filled, reaebing ten eleetrons in 
nalladium, in which the os electron drops l?ack into a 4d level. J he os 
Ld 5p levels fill up normally to a complete 2 + B group with xenon, 
which closes the i»eriod. In eopjief all the inner levels ^including the 
3d) are filled, but in silver tlie 4/ levels arc empty. , , , . , . 

Inthewriod beginning with caesium a elect r<m ismldcd, m barium 
two Cl electrons. From and inclmling lanthanum, however, the vnlen. 
cies remain constant at 3 until the last rare-earth element lutecium 
is reached, all the electrons going to complete the empty 4/ levels ficep 

inside the atom. Totheeightecnelcctronsof levels of principal quantum 
number 4 there arc now adde<l in succession fourteen more, making up a 
total of 32, the maximum jiossible for « *4. Since all are well within 
the stable octet completed in xenon they have no appreciable inline rice 
on the chemical properties, which remain practically constant, and this 
explains both the number (15) and eheinieal jiroiKTties of the rare- 
earth elements in this priod (sometimes calleil isBibsaldes, to distinguish 
them from the total numl>or of rare-earth elements which inclmles 
scandium and yttrium In earlier priods). Just as in the fourth and 
fifth periods, the arrangement of electrons in the rare-eartli elements is 
accompnied by the apparance of coloured ions ainl paramagnetism. 

The element following lutecium cannot be a rare-earth <dcment 
but must be a fourth group element related to zirconium. This was 
confirmed by the proprties of hafnium, discovered by Coster and 
Hcvesy. 

In the following elements as far as gold, the 5i and op levels of xenon, 
containing 8 electrons, are completed by the addition of ten electrons 
to the 5d levels, making a total of 18, whilst in gold the » - B levels 
begin to fill, leading to the completion of the its levels with 2 + G — 8 
electrons, forming the outer shell of the inert emanation. In the re- 
maining fragmentary priod, the Is level begins to be oeeiqhed. The 
level begins to fill with actinium. Elements 03 to OB arc artificial 
transuranic elements (p. 407) and arc supposctl to be transitional 
elements of Group III like the earlier lanthanides in this group. It lias 
been suggested that these transitional elements begin with actinium, 
hence they are called sctiAidcs. The alternative configurations are 
shown at the foot of Table 11. 


It is seen that each prio<i is characterised by a principl quantum number 
n, equal to the number of the priod. The electrons in the atoms ure 
arranged in group or shells, each fully occupied when it eontaiiw 2ri* (2, 8, 
16, 32) electrons, and these group are divided into sub-group do lined by 
the serial quantum number /, the number <2,0, 1 0. or 1 4 for / ss 0 , 1,2, or 3 > 
in each completo sub-group being 2<2<+ I). This arrangement was intro- 
duced by Bury (1921) on chemical grounds, and by Stoner (1924) from 
spectroscopic results, and it is required by Pauli's principle. 
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Valency. — Hcitler and London (1927) pointed out that the two 
sliared electrons forming a covalent l^nd (cicctron*pair bond) in 
Lewis's theory (p. 412) have opposite spina, a « + i and a - - 4, and as 
each electron may pair with another of opposite spin the valency of an 
atom is equal to the number of unpaired electrons in the valency shell. 
The resultant spin jS s Xs gives the spin due to unpaired electrons, each 
contributing 4 unit, hence t|ie valency is 

V «2N » number of unpaired electrons. 

Each valency bond formed from two unpaired electrons, one in each 
uniting atom, reduces S by unity, hence V decreases in multiples of 2, 


Table III. V'aaiable Valbscibs 


Group. 

EUmont. 

ValonciM. 

nmi 

3 

n 

$ 

6 

VII 

(F) 

Cl 

Br 

I 


- 1 *3 t5 

+ 7 

VI 

(0) 

S 

Se 

Te 

<Po) 

-2 2 4 

6 

V 

N 

P 

As 

Sb 

Bi 

3 

6 

IV 

mM 

Si 

Oe 

Sn 

Pb 

2 

4 

111 


(Al) 

(Ga) 

In 

Tl 

1 

3 


as is commonly found (see Table HI : + denotes loss or sharing of 
electrons, - gain of electrons). 


TaBLB IV. COVAtBNCIBS 


n 

1 

2 

B 

M 

2 

3 

1 

D 

0 

, 1 

■1 

■ 


n 

1 



n 

■ 



2 

m 

U 

0 

-1 0 

1 

m 

U 

o 

- J 

0 

1 

0 

B 

0 1 

-2 

-10 12 

H 


1 


IB 

2| 

2 

2 

2 

2 

2 

i 

1 1 



Ho 

2 



B 

2 

2 

1 

2 

2 

1 

1 

1 ] 

J 


Li 

2 

1 

1 


s 

2 

2 

2 

2 

2 

2 

2 

n 



Be 

2 

1 

1 


2 

2 

2 

2 

2 

2 

I 


1 


B 

2 

2 

n 

1 

1 1 


2 

2 

2 

2 

2 

1 

1 

■ 

1 

1 

c 

2 

D 

1 1 


a 

2 

2 

2 

2 

4 

■y 

2 

2 1 




2 

B 

1 1 

1 
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2 

2 

1 ] 

1 


2 

2 

2 

2 

2 

4 

2 

1 ] 

1 


0 

2 

2 

2 1 

1 


2 

2 

2 

2 
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1 

1 1 

1 

1 
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2 
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e 

■ 
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II 
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1 1 































































xxv] 


WAVE MECHANICS 


435 


Table IV cives rcsult^^ for twelve elements of the first porimK TUv 
ficures in the table give the numbers of electrons with the statwi qihin- 
t^n numbed and the valency T is equal to the nun.ber of unpaired 
electrons (which can pair with electrons of op[>»)s»tc spins of oilier 
atoms), i.t. the sum of the values of 1 in the table, values of • 
paired electrons. Bivalent and quadrivalent carbon are both possible , 
nitrogen has a covalency of 3 only, fluorine only ofl. and oxygen onl> 
of 2, whilst phosphorus can have valencies of 3 and 5, sulphur ot 4, 
and 0, and chlorine of l» 3, 5, and 7. 


Wave Mecbaiucs.-The details of Uolir's theory, w'hicli iwstulnlo 
electrons as point charges revolving in orbits aro.ind the nucleus, have l^ii 
abandonerl for reasons wdiich nee<l not be stated. The oxplana(i<m of tin* 
structure of the periodic table on pj). 430-433 is still valid, as it dopoml^ 
only on Pauli's principle end on energy levels of electrons which are sjwlro* 

scopic <lata. . , 

The modem theory of atomic stniclure is on the jcarv miiurt of thf 

tUctron. Electrons in motion behave as if they were associate*! with waves, 
the lengths of which ore given by de Broglie’s formula (1924) : 




where h is Planck’s constant, and m and v the mass an<l velocity of the 
electron, so that me is its momentum. 

Beams of electrons are <hffracte.l by matter, e.g. by reflexion from a 
crystal or by passage through lliin metal foil, in the same way na X*rays. 
This dual aspect of an electron is like the <hial character of light, which 
sometimes behave* as if it consists of cor|iuscles or photon* {e.g. in tlio 
photoelectric effect, when electron* are ex|)eUod from metals by ultra* 
violet light) an<l some lime* as waves, which give rise to interference an«l 
diffraction. 

Schrtklinger (1920) sup|Ktsod that the cliargo of an electron is not con- 
centrate<l in a |tartic)e but extends in space as a '* cloud ", the <leixaity of 
wliich at any point is proportional to whero ^ is a wove funciio/t. 
Dorn (1929) retained the idea of t lie electron as a particle and supposed t hat 
gives the probability of its occurrence in any given part of space. An 
equation connecting ^ ami E. the energ>* of the electron, lias sotisfactory 
solutions only for a set of definite vaUiea of E. For the electron in a hydro- 
gen atom these values of B are the setiie as those given by Bohr's e<iuatious 
{ 1 1 and (2). p. 427, without any s|>ecial assumption of non -radiating orbits, 
the orbits being now repUceil by the wave fiuiction 

Theory of directed hoods. — This theory gives an explanation of <lirocto<l 
covalent bonds. Tlie w*avo function of an e-electron (f^O) is a sphere. 
The p -electrons (Is 1) have w’a\‘e functions denoted by and p, at 

riglit angles, and these give rise to directed bonds. A bond la formed by 
the overlapping of regions in which tlie wa\‘e functions tp (or the electron 
charge densities, proportional to have pronounced values. 

The s-electron of a l\>'<lrogen atom may be represented by a spliere (since 
its wave fimction has spherical aymmetry) and tlie combination of two 
hydrogen atoms by overlapping spheres. The bond strength for an e- 
electron is taken as unity. 
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Oxygen Vies four p>elee(tons (1—1) which are in <hfferent states, according 
to a ruU of maximum muUipiidfif w’}»ch sa>*8 that w-hen electrons are added 
successively as many levels (" orbits “) are singly occupied as possible 
before any pairing of electron spins occura. There are three p*orbit 0 with 
wave functions p, directed along three axes x, y , z at right angles, and 
the electron densities are dumb-bell shaped (Fig. 246) when the orbits are 
occupied by electrons. The bond strength is represented by Of the 
four p -elect tons, tu'o go singly into two orbits according to the rule, but the 
other two electrons are forced to go together, w’ith anti -parallel (opposite) 
spins, into the remaining orbit. Titus, two unpaired valency electroits are 
available to combine w ith two a-elecirons of opposite spins of two hydrogen 
atoms to form H,0. 

Another rule states that a bond is formed by the maximum over- 
lapping of wave functions. Hence the hydrogen atoms must approach 





Fto. 246.— Formation of directed bonds. 


along the two directions of the axes of the wave functions of the two 
valency p-electrorw of the oxygen, which are at right angles, anti the H,U 
molecule formed is shown in Fig. 246a. Owing to repulsion of the ty>-o 
hyclrogens the angle is greater than 90 % probably 106\ but in H,b the angle 
is practically 90S This type of binding U called sp's. 

Nitrogen has tliree p-electrons and tl»eae can occupy singly Ihep,. p, an 
p orbii, and combine with the s-electrons of throe hy<lrogon atoittf. 
forming a molecule NH, with the three bonds at right angles, and with 

p>s’ binding (Fig- 2466). . 

^ HybridisaUoo.-The normal carbon atom ls>2s-2p» has only fuo p-el«* 

tron*. .n<l might •xi.ect a compound CH,. since the spnis 

unpaired and woul.i combine with ant.-para Jet «l..ns of tuo 

ono in each hydrogen atom. To exart four valenc.ee one of 

.„ = 2, / = 0) m.»t be excited and pass from its normal ^ sUte to 

IS — s ~ S= 
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molecule. ThU ppocees i» ealJed 4-p-k^ridi*aliw, eince the actual wavo 
functions of the bonds are fopme<l by combining #- and p*functiotia to form 
stronger bonds tlian either separately. 

The nitrogen in NK^’ has one «• and throe p-eleotrons. so that conditions 
for hybridisation occur an<l the ammonium ion is tetrahedral. 

Resonance. — The name rfsonntu^ was given by Pauling {1033) to a 
state in which the electron configuration of a molecule can be repre- 
sented in two or more ways» subject to the conditions that : (i) the 
positions of the atoms remain approximately unchanged, (ii) the 
energies of the various states are not very different, and (id) tlic struc- 
tures have the same number (including aero) of unpaired electrons. 

The energy of a molecule is lower when it is in a state comprising the 
various possible separate electronic configurations at the same time 
than the energy for any one of the lailer. Since a molecule in more 
stable the less its energy content, tlie existence of resonance wil) corre- 
spond uith increased stability. 

The actual resonance state is not a mixture of molecules each in one 
of the separate states, but is a single state comprising all the possible 
states to some extent. Wliere resonance, due t4> electron transfer, is 
between a single and double bond, the actual bond is intermediate and 
has some single bond and some double bond character. As a rougli 
analogy it may be said that if two possible states of a molecule could be 
coloured red and blue, the actual state is not a mixture of red and blue 
molecules, but all purple molecules, the red or blue shade of purple de- 
pending on the proportion of these forms in the resonance hybrid. 


The formula of carbon dioxide could be written aa 


:0 :C : : : 0 ; 
I 


:0 : :C: :0 : 

II 


:0:::C:0s 
« « 

111 


and for each the 0 to O distance should be about 3*44 A. and the heat of 
formation from the atoms about 3dO k.cal. per gm. mol. The observed 
values are 2*33 A. and 330 k. cal. The shortened bond distanco and the 
smaller energy of the molecule (3SO-330s30 k. cal.) suggest that the 
molecule is a resonance hybrid. Forms I and HI involve electron transfer 
and would give the molecules an electric moment (p. 440). Since It has 
no moment, if I and III are involved they must contribute by equal amounts. 
It will be noticed that I and III are different forms, since the molecule is not 
supposed to have time to rotate during the electronic transfer. 

Nitric oxide may be represented as a resonance hybrid of 


:N:0: jNjsO: tNjiO: 

4 9 

1 n in 

imd since the gas has a small electric moment, forms I and III do not contri- 
buto equally. This case, where an odd electron appears, is regarded by 
Pauli^ as an example of a /Aree-sieetron bond, resonance between 
A • : B and A : • B, and represented by 


:N::0: 
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anci the oxygen mnleoiile {which ia paramagnetic and hence cannot have 

• « » « 

com])letcly ]>aire<l electrons as in : O : : O :) has two three-electron bonds 

: 0 : 0 ; . corresponding with : O : O : «*iUi two unpaired electrons. 

Another examj^le of a molecule containing an odd electron and perhaps 
a three-electron bond is chlorine dioxide (p. 277), which ia bent and prob- 
ably is a resonance hybrid of the forma : 



( 1 : 0 : 


:0 :CI 



: O : Cl : 0 : 
* * * * * * 

.0 


a 


r 


: O : Cl : O : 



The adjacent charge rule {Pauling. I $32) states that structuiee in which 
adjacetU atoms have the aanie cliarge are less important titan otlier etmc> 
turoe. Thus, in nitroua oxide NjO structure I makes no appreciable con* 
tributiun as compared with stmctures II ami 111 : 


: N :N : : : 0 : 


:Ns:N::0: :N:::N:0: 


I II IJl 

whilst in carbon dioxide all three structure* are important. The rule doee 
not agree with tlie structure tiaually given to NaO< : 

: b : ; K : N: :b : 


:0 


0 : 


Sizea and Shapes of Molecules.— i^evcral methods provide quantiUtive 
information about : (i) the distances between the centres of atoms m 
molecules (or ions in crystal lattices), (li) the modes of arrangement ol 
these atoms, and {hi) the angles between the valency Iwnds linking the 
atoms together. The most important methods are : 

1 . D'xffrixctim oj X-raya atui of tlfctrona by solids, liquids, and ga^- 

2. Sptdroacopic mdkoda, including Raman, infra-red, and visible 
band si>cctra. 

3. Klectric dipole momenU. 

4. Magnetic auseepiibiliiy. 


X-ray methods.— The A' -ray meihod as applied to crystals has been 
described. It has been used to Investigate the so-called - amorphous 
solids {e.e. glasses), liquids and even gases and vapours. The powder 
rnttcKJ •• oi.. gives diffraction patterns in these eases .mi.catmg 
sTme^gnlarity in molecular arrangement .>f liquids and of mo eeula 
str^ct^ro in gLes. Uquid »ater and mercury sho«- cUaracter.st.e 
spacings, and the structure of water has lu^n de.lueed fro... the results. 
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Glass seems to consist of minute crystals (size 10-* to 10“’ cm.) with n 
random arrangement- Plastic sulphur has a fibrous structtirc com- 
posed of long chains of sulphur atoms. The diffraction of X*ray3 by 
gases has been superseded by the electron diffraction method, with 
which a much shorter ejqjosure is required. 

Electron diffraction. — The tUefron diffraction method depends on tho 
wave nature of the electron, beams of which arc diffracted like X-rays by 
matter. This method has showm that the molecules HgCI,. HgBr,. 
Hglj. CgN,. CSj and C,0, are linear ; BClj is planar and triangular ; 
SiCl|. GeCl*, TiCl 4 , NKCO)* and P* are tetrahedral : PKj is a trigonal 
bipyramid ; SF* is octahedral ; PF, is pyramidal ; and F^O, CIjO and 
SOj are bent at angles of 100*, 1 15^ and 120^ rospoctivcly. The inter- 
atomic (“ bond **) distances vary from 1*5 to 2 5 A. 

The bond length is im|x>rtant in deciding the bontl character and 
the presence of resonance. The distances between the centres of atoms 
joined by co valencies are regulated by the so-called normal coi'olency 
radii of atoms, the length of the bond being the sum of the valency radii 
of the two atoms it joins. 

Optical methods. — The infra-red absorption spectra give information 
on the moments of inertia and hence the interatonxic distances in the 
case of molecules having electric momenta. Isotopic molecules (e.g. 
H^Cl and H^^Cl) have different moments of inertia and hence are de- 
tected in band spectra. 

More accurate results are obtained by so-called rctfofi«7n-i*r6re/ton 
spectra ; and absorption spectra in the risible spectrum, due to electronic 
motions, are applicable in the case of molecules without permanent 
electric moments. 

In light scattered from a transparent liquid or solid, extra lines with 
a small frequency difference appear alongside tlie line in tlie spectrum 
due to the incident monochromatic light. From these Raman spectra 
the vibrational frequencies for the pairs of atoms in tho molecule, 
equal to the frequency differences, are found, and by assuming simple 
harmonic vibration the restoring forces for unit displacement (measuring 
the bond strengths) may be calculated. With single, double, and triple 
bonds the restoring forces are approximately in the ratio 1 : 2 : 3. 

The heats of dissociation of molecules given on p. 233 are mostly 
calculated from the vibrational band spectra of molecules, which con- 
sist of groups of lines. When the vibrational energy of tlie atoms be- 
comes so large that the atoms fly apart their motion is no longer 
quantised and the lines towards the high-frequency end of the spectrum, 
which are crowding closer together, pass over into a continuous 
spectrum. The frequency where the continuum begins gives the 
energy hy required to dissociate the molecule into atoms, and after 
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correction if one or both atoms are in excited eta tea, the Iicat of diS' 
sociation into normal atoms is found. 

Electric dipole momenta. — Many covalent molecules possess a per- 
manent electric dipole^ the strength of which is expressed as the electric 
dipole momenl p. 

A dipole moment will be produced by an unequal sharing, on the 
average, of the electrons forming the bond bet^vecn two atoms. In the 
HCt molecule, on the average, the valency electrons spend more time 
near tlie chlorine nucleus, with its larger positive charge, than near the 
hydrogen nucleus. The molecule thus behaves as if the chlorine end 
were negative and the hydrogen end po^tive, and this may be repre- 
sented by the symbol HCI, where the point of the arrow shows the 
negative end and the cross the positive end. The electric moment is a 
vector quantity (it has magnitude and direction), and it may be 
calculate by adding the moments of the various atom or radical bonds 
by vector addition like the parallelogram of forces- In this, suitable 
bond angles must be assumed to give the correct resultant, and 
from these angles some idea of the shape of the molecule can be 
obtained. 



© 


a 


Fic. 247.— Deformation of charges tc 
produce en uiduced dipole. 


Molecules with or without a permanent dipole acquire an induced 
divole under the InHucnce of an electric field and in the direction of 
^ 4. - this field. In this case the electron 

shell of an atom is displaced rela- 
tive to the positive core and the 
result is equivalent to the forma- 
tion of a positive and negative 
doublet (Fig, 247). This is stronger 
the more polarisablc the atom, 
molecule, or ion, and the effect 
(which can be measured from the 
refractive index) enables ionic radii to be calculated. 

Tl.e fieki iirn.luce<l by a charg*<l ion in a cr}-<>»al may bo about lO* volt* 
per cm-, and thus ca|«.ble of producing deforming eflocU on neighbouring 

‘'’Tons in solution will tend to produce di,K.les in tlie 

that the latter will arrange tliecnselves aroiin<l the ion with the axes of t 

Si torr:is .he cen.™ of the ion and the Cargo of the f 

toThat of the ion pointing tow.r.la it. An ion m water, f®;- 

surrounded by such a sheath of ,H>larise«l water moleciilee. winch it drags 

about with It in the solution (soe p. 240). 

Molecules containing TTuiSr.C 

Eir “ 
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benzene and other hydrocarbons) are almost adclitively com))oscKl of 
those of their constituents, those of mixtures of polar substances (such 
as water and sulphuric acid) deviate laq/ely froni this ru <•. and in 
addition there is usually a considerable l»eat of admixture. As rc^/ards 
the solvent action of the tsvo classes of liquids, it is found that rnemhera 
of each one group are freely miscible w ith one another but not with 
members of the other group, With solids, it is found that non- |i<)lar 
substances usually have low melting jiointa unless tliey have high 
molwular weights, whilst |)olar solids such as salts have high me ting 
points- Some non-polar solids such as diamond have high melting 
points, but are probably atomic lattices. Non-|>olar solids are oHen 
more volatile tlian salts. 


The values of the dipole momenu of some molecules, all g«MC<uia ex«*ep< 
(’Cl, and AgCnO, which are diHaolve<l in i»en*eno, are given in ihe tiiLle 
below in electroaUtw units x lO**. 


N, 0 Htn 

CO, 0 HRr 

CCI*0 HI 


1 034 

NH, 

0*75H 

PIU 

0*382 

AxH 


1*40 

H,S 

1*1 

0*55 

11,0 

IK 

0*10 

Ag<*l<>, 

4*7 


Distinctivolv non-polar molecules have zero dipole moment ; those In 
which 4 shift of electron pairs (eovalencifs) occur* <HCI. etc.) Imvc ii small 
moment: salU lAgC'IO,!. urwl comiKmnds containing acmi-jK>lnr doiihio 
bonds, in wliich electron transfer has oceurre<l. have high moments unless 
some other componaating cfTcct intervenes. 


The effect of the solvent on ionisation of a solute w'ns referred hy 
J. J. Thomson anti by Nemst to the dielectric ccasteat. 'I'he force 
between two charges at a distance if in a inediutn of dielectric constant 
D is bo that the attraction tending to bind two ions together 

is weaker the higher the value of 1). Water, hydrocyanic aciil and 
acetonitrile (CHaCN) are good ionising solvents : the alcohols are 
medium ionising solvents, and benzene is a imor ionising solvent, ns 
would be expected from the values of D given below : 


Water * 


. 81 

HCN 

• 

. lie 

CH,CN . 


. 39 

Methyl alcohol 

• 

. 35 


Ethyl alcohol • • 2a 

Sulphur dioxide (liq.) • 13*75 
Benzene • 2-20 


Mutual deformation of ions. — Optical refaction measurements show 
that electron shells of anions and w*ater molecules are less deformable 
when they are close to cations. The action of anions on cations is 
small, since the cations are usually smaller and less deformable. The 
deformability of an anion increases with increasing radius and charge ; 
the deforming action of cations increases w*ith increasing charge and 
decreasing radius. 

Some interesting speculations as to the colour of inorganic com* 
pounds follow from these considerations. If we consider the salts in the 
following table, formed from the cations in the vertical row' and the 
anions in the horizontal row, also cations combined \s*ith water and 
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ammonia, the inereaamg depth of colour in the series fluoride to iodide 
may be regarded as due to the increasing deformability of the anion, 
'which is increasing in size. Sulphates have the same colour as the 
fluorides (aith a smalt anion) because the 0 — ions in SO 4 — are relative* 
ly fixed owing to the binding forces rendering them less deformable, 
w'hilst the oxides themselves, with more deformable 0 ” ions, are much 
darker in colour. According to Fajans, the blue colour of hydrated 
cupric salts is {at least in part) due to the deformat ion of water molecules. 



F 

Cl 

Bt 

1 

Nl*- • 

y^UowHh 

hr)*** 

Dack 

bro»i» 

Black 

Cu** . 

W'hUe 

YHlow* 

brD*a 

Bnwa* 

hb<k 

— 

Ab* • 

Y«llov 

While 

Y^Uow* 

white 

YfUov 


o 

S 

SO, 


NB, 

Dark 

«»*^n 

Black 

Ofey- 

Uuc 

Orcco 

Blue 

Black 

Blvc* 

hlark 

White 

Blue 

Blue 

natk 

Imwi) 

Black 

While 

CohHtflm 

C'olQuttm 


Fajans pointed nut that the tendency to form ionic or covalent links 
is also rclate<l to the deformabiNty of electron shells. a positive and 
negative ion be brought close together. If the (lefonriation of the electron 
shells bccomee so large that there is an actual transfer of electrons, then a 
covalent link will be formed. This will depend on the attraction exerte<i 
by the positive ion on the electrons of the negative ion and on the hrmneas 
with which these electrons are held. The attraction of the positive ion 
increasee with its charge and is larger when the ion is small, when the 
negative ion may approach nearer the charge of the poaitive ionic core. 
The ease with which electrons are detachc<l from the negative ion increasee 
writh its sise. since then the outer electrons, being further from the positive 
core, are leas firmly held. Hence the conditions for the formation of 
ionic and covalent linke may be summarised as follows : 


Ionic 

Positive charge low. 
Large cation. 

Small anion. 


COVALRNT 

Positive charge high. 
Small cation. 

Large anion. 


The 18* electron shells arc more polarisablo than octets and electrons 
of easily polarisablc anions penetrate deeper into them, causing decrease 
of polarity and stronger binding ; c.g. HgCl, is much less polar than 
CaCI 

The number of negMive, compare.! with positive, atomic ions is 
small : in solutions and crystals only the following occur : 

H- (e.g. in LiH), F’. Cl', Br*. I", 0-. S-. Sc-. Tc-, Po-, 

and they arc known only with external configurations of 8 : 

those with several valencies do not occur. The reason for the snmfi 
JumbeT is to be related to the tendency « 

incrcasine chaw to leave the polar state on account of their greater 
dcformabllity, although the energy changes m the formation of anion 
and cations are abo of importance. 

Accordine to V. tiol.lachmldt (1926) tl.e .lw,ai.c« between atoiw in 
mic^io^ in crystals ..spend to an appreciable extent on the nature 
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of the other ione in the lattice. B.g. the <lisfanco N— O in 
140 A.U. in NaNO, and M5 A.U. in UNO,, beca^we the email U+ ion baa 
a stronger jwlArieing effect on the NO,- ion than Ixaa the argor ion. 

In a eimilar >vay the TiO. complex in CaTiO, u. expancle<l ^vben < im 
replaced by the smaller Mg♦^ and the reeulting stmictiire is ver>' similar to 
AJAIO,, the Mg ami Ti being approximately e<iuiclistatit fnim the noaiwt 
oxygen atoms. In somo cases a rearrangement of the atoms aroutul tho 
polarising ion may occur, as when the small lie** ion replaces Ca- mspinob 
CaAlA. when the ionsCa^^ ami (AlAl’-are convened into (HoOJ “ and 
SAl**- It is even 8uggeste<b on the basis of X*ray results, that am* 
monium d uoride cr>'8tals <!o not , I i ke ot lier ammon i ii in salts. c« .nsist < • f N H *+ 
and X- IX- « halogen ion) but of NH, + HF, owing to the <lofonnjng uctiou 
of the small F" Ion on the NH,+ ion. 


Magnetism.— As a general rule, molccnlcs containing only pairs of 
electrons with anti-parallel spins arc diamagnetic, whilst molreules and 
free radicals containing unpaircti electrons arc paramagnetje. In most 
cases the magnetism in crystals or in solutions is almost entirely 
the electron spin, that due to orbital motion being eliminated. The 

molecules : N : : 6 : (nitric oxide), : 6 : : N : : 6 : (nitrogen dioxide). 

: 0 1 : Cl : b : (chlorine dioxide), and : 6 : 6 : (oxygen) are paramagnetlc- 


MisesUaneous methods,— In the molecules of N,0 and CO, : 



and 



O 


e</e/i atom has the same external coiiligiimt ion os neon , a nueleux Kurroum I 
by an inner si lell of two. an< I an out er shel I of cigl if , elwt roiis. I ty moasu re • 
ment of the viscosities of tlw gas<«, the area offered to collision by the 
molecules may be calculaleil. and it is conchidwl lhat the CO, an<l N,0 
molecules behave not only as if tlioy IiomI the same slic an<l shape . but also 
as if each had practically (he samo outer electron con (igiira turn os three 
neon atoms placed together in line. 

Information on the outer elect ron configuration of atoms and rnoletuilea is 
given by the lUsuauer effect — tlic slopping power of the particle for slow* 
moving electrons. In this way H,<1 I) and He. with 2 outer electrons : 
Ne, A. Kr, Xe, CH«(4e 4) and HCI(l v 7). with 6 outer electrons, behavo 
similarly. In the band spectra also, the effects due to the electrons are alike 
with H, and He ; with Na, BeF. BO. CN. CO* and N,* (all with 8 + 1 
outer electrons) : and with Mg, CO and N, <8 + 2 outer electrons). 

Sydroisu compounds.— By analogy with tlie radioactive displace- 
ment law (p. 402). Grimm (1924) suggested that, as tho addition of a 
proton H* to the atomic kernel should lead to t lie same result os the ex- 
pulsion of an electron, e.g. hypotlxelicelly O*' + H* *F- (from At. No. 8 of 
<ixygen we arrive at At. No. 9, an Isotope of fluorine), so that the actual 
process O — + H* « OH ~ leads t o a compound OH * si niilar to t he H uorine Ion . 
In this way elements occupying tlie four places before an inert gas. by taking 
up 1. 2. 3 and 4 hydrogen atoms, form '* pseudo-atoms *' which resemble the 
atoms of elements in the groups 1, 2, 3 or 4 places to the right. This is 
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illustrated by ths following teble. in which the compounds, ions or radicoU 
in the same vertical column show similar properties : 


Group ^ 


H-atoms 

IV 

V 

VI 

VII 

0 

I 

0 

'-C\ 




Ns 

Na 

1 

- 

^CHr^ 


^OHr\ 



% 

i 





^FH,? 

3 

- 





^OH, 

4 

- 


1 


^CH. 1 



Valency -4-3 -2 -1 0 +1 

4— Ratlius 


Radius 


Covalent compounds and salts. — The values of the electrical conduc* 
tivity at the melting point of the chlorides of groups of elements in the 
periodic system show that they fall into two classes divided by the line 
shown below : 


HCl 


LiCl 

1 BsCI. 

BCl, 

rci. 



NaCl 

BIgCI, 

1 AlCl. 

8iCl* 

PC1» 


KCl 

CaCU 

ScCl, 

1 TiCI* 

VC1* 


RbCl 

SKI, 

YCl, 

ZtCl* 1 

Nba, 

MoCI* 

CsCl 

Baf'lt 

UCI, 

HfCl, ' 

TaCl, 

WCI, 




ThCI» 


UCI* 


Those above the line are non-conductors or poor conductors and arc 
covalent, those below the line are elcctrovalent salts and are good 
conductors. ^ 

Ionising potentials. — If the electrons emitted from a hot niament in 
a gas at very low pressure are passwl through a fall of potential as in 
the grid ” of a wireless valve, they make collisions with gas atoms or 
molecules in their path. When the speed of the electrons is small those 
collisions arc elastic. If V is continually increased a point is reached 
when the speed of the electron of charge e gives it an energy f - e I • 
such that it makes an inelastic collision with the atom of gas. giving up 
its energy to one of the outer electrons and raising it to a higher <|uan. 
turn orbit. A critical value of V is reached when the colliding electron 
gives so much energy to the electron in the atom that the latter la 
completely removed, i.e. ionisation occurs, €.g. K-K* -►e. 

The values of the ionising potential may be found more aecuraWly by 
calculation from 8,*ctroacopic data. The values of the [wtcnl.ala (m volt^ 
for the reino%-al of a.icceaaive eler trons show tlwt the valency 
relatively eaaily removed : H13-S3, Li 5-4. 75-3; C 1 1-2. 24-3. 46-3. 64 1. 
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400 • 0 13-6. 35, 65, 77. 109, 137-5 (733) : P II. 20. 

40^47 68, 89. U4 ; V 6-75. 14-7. 30. 48. 69. 120 ; Br 12. I.., 2o . 1 1 
S lo-3. 23. 33. 47 j S« 6-7. 12-8. 24-6 ; To 9. 

Atomic structure and crystal structure.-Accoi^ing “ (1^21) 

Dcndini on the temperature and on the type of hnkii^. 

^The Isomorphism of many substances offered difficulty from the 
point of view of the old structural formulae, which indicated different 
constitutions for jiairs of isomorphous compounds : 

0=o^^\Ca for CaCO, '^N— 0— Na for NaNO, 

From the point of view of crystal structure this difficulty would 
disappear if the ions CO,- and NO,- have similar structures, sinee 
these can be regarded as forming similar lattices with the ions Cn' + 
and Na-* Similarity of structure of the ions is attained m the formulae 
given to them by Ungmuir (A) or Lewis (B). in wliich the electrons 
giving the ionic chargea are aUown as • : 

• 9 ' ' 9 .' : 6 : : 6 : 

[50:C?o?]7[?9“N:0:] [•o-n:0:] 

A » 

Many similar cases are known. The Iona 0’“ and F- botJi have com. 
pletcd octeU of the neon structure, as have Ns^* and Mg*+, and NaF 
and MgO are isomorpJious. These four ions with identical outer 
electronic configurations are called isosterw : a list of cases given by 
Langmuir of isoDorphism based on isostcrism is : 


MgO; NaF- 
MgF,; Na,0. 

CaCl, ; K,S. 

KCl; CaS. 
RbMji 04 ; BaCrO^. 


KCNO ; KN,. 
NaClO,; CaSOj. 
KHSO,; SfHPO,. 
Na^O, ; Ca»P,0,. 


Argon and methane have similar physical properties, hence we may 
assume that tlie potassium ion, isosleric with argon but having one positive 
charge, will resemble the positive ammonium ion, isosteric with metliaue. 
The potassium ion (cubic) howe\*er, is not isoaterio with the ammonium ion 
which, like msthone, has tetrahedral symmetry. In KCl crystals, each 
ion is surrounded by six equidistant chlorine ions (see Fig. 221), whilst in 
NH,C) the NH4’^ ion is surrounded by eight equidistant chlorino ions 
arrajiged like the comers of a cube about its centre (see Fig. 222.4 ). Potas- 
sium and ammonium sulphates, however, are tsomorphoiu, so tliat tlie 
larger volume of tlie sulphate ion constrains the potassium and ammonitim 
ions into like positions. 
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Isomorphous alums are : 

A4(S0,)8. 24H,0 
KjBeF*, AI,(SO,),. 24H,0 
K^nCI^, AljtSO*),, 24HjO. 

ir account is taken of the arrangement of the structural units in the 
lattice according to the 230 space groups, crystals belonging to one of the 
32 symmetry groups (p. 357) may differ In internal structure. The alums 
then belong to three different structures* a(KAI, NH 4 AI, RbAi, TIAl, KCr). 
^(CeAl) and y(NaAt)* depending on variation in site of the ions. If 
isomorphism means similar arrangement of geometrically similar structural 
units* the various aliims are not all isomorphous. 



CHAPTER XXVI 

SULPHUR 

HUtory.— Sulphur was parhapa known to th© ancient Egyptians ami 
Babylonians ; it occurs in th© Dead Sea region and is monlionwl m tho 
Bible. It was well known to the Creeks and Romans. The uso of bximing 
sulphxir in fumigation is mentioned by Homer (c. 000 D.c.), iIjo bloac lung 
of textile fabrics by tlw fiiraes was ceTTie<l out an<i auli)hur was uso<i 
medicijially. The alchemists regarded aulphur as tho principfe of corn- 
and a constituent of meUls. The phlogislouiHts con»iclere<l it 
to be a compound of phlogiston end sulphuric acid, l-avoisier (1777) 
pointed out that it aliould be regar<ied as an element. 

Occunencs. Free sulphur occurs In large quantities in the volcanic 

region of Sicily, and in America in the southern States of Louisiana and 
Texas which now produce 80 per cent of the ioUl sulphur used in the 
world. Sulphur deposits are also found in Japan, Russia. Iceland. 
Chile, and New Zealand. 

Sicilian sulphur is stratified with clay and rock, mostly R.vpsnm 
CaSO,,2HtO. limestone, and ccicstine SrSO*. It ia found occasionally 
in large yellow transparent crysUls, but usually in yellower grey crystal- 
line masses. The sulphur in craters of extinct volcanoes may have been 
formed by the interaction of volcanic gases containing hydrogen 
sulphide and sulphur dioxide : 

2H,S+SO,-2HjO+3S. 

When dry hydrogen sulphide end sulphur dioxide gases are mixetl by 
inverting one jar over the other and removing the plates, no action occurs. 
If a little water is introduced into the jara it becomee turbid, from se|iara- 
tioQ of ytihw sulphur. The reaction is complicated and pentathionlc acid 
is also formed : 

6H«S + lOSOas dHaS»0« 4 2H,0. 

Since gypsum and calcium carbonate always occur in sulphur beds, 
the deposits of sulphur in Sicily have probably been formed by the 
reduction of gypsum by organic matter and bacteria : 

•2CaSO< +3C-2CaCO, 4 2S + (X)*. 

Combined sulphur occurs as sulphides, many of which arc important 
ores of metals : lead sulphide gaUna PbS. sine sulphide bhnde ZnS. 
copper pyriUo Cu^S.FetS), and iron pyrites FeS,; and also as sulphates, 
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€.g. gypsum Ca^ 04 , 2 H 20 . Hydrogen sulphide cK^curs in volcanic gases 
an<l in some mineral springs. Sulphur dioxide occurs in volcanic gases. 
Some springs and rivers in America (Rio Canea and Rio Vinagre) con* 
tain free sulphuric acid. Sulphur occurs in some kinds of organic 
matter ; the blackening of silver spoons by eggs is due to this combined 
sulphur. 

Sxilplnir is found in certain bacteria, e. 9 . Btygiotoa aUxi» is’hich decompose 
sul]>hur com|>oiui<ls in their life processea. The pungent principles of 
onions, garlic, })urse>radiah, and nukstard are organic sulphxir compounds. 
Cumbinotl sulphur is present in hair and wool. 


The extraction of native sulphur. — Native sulphur in Sicily, which 
coti tains 15 to 25 per cent of sulphur, is stacked in lumps with air spaces 
in brick kilns called calcaroni^ built on sloping hillsides and covered 



248. SijJi»lMif kiln. *•'««* 248.— KefinieiB of eoJphur by 

(iistiJietlon. 


with powdercil ore (Fig. 248). The ore is kindled at tlie top and tlie 
heat of combustion of about 30 per cent of the sulphur serves to melt 
the rest, whiclj Hows off into wooden moulds. The blocks so formed 
still contain 3 to 5 per cent of the original rock. 


An improved process uses lhe6r*«Xv7n ( IH87>cot»wting of communicalmg 
closed brick chankbem j hot gsBCS from a chamhor in which tlie sulphur lifw 
been mcUod out into an adjoining chamber aiul ^ 

About 76 r»cr r«cnt of tl*e sul|>hur » recovered. Payen and Oill {m>) prx'- 
posed to melt out the aulidnir with snperhcatwl steam. 


Tfie cTude sulphur is shipped from ^Sicily (where fuel is 
Marseilles to be refined with the apparatus shown in Fig. UX 
sulphur fused in an iron |>ot flows into an iron retort. The sulphur 
vapaur ,mss..s i,.to a largo brickwork cl, amber. At fir»t it 
tlic csdd «'alls cw a light yellow iiowder o(Jfoutrs of HHlphur As tJie 
walls become hot this mclU (unless it is removed) and runs down as a 



M9twat^ 


air 


Sttlehut 

*air 
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liquid W the bottom. «-hcncc it is .appc<i off into woo.ic-n n.oul.ls to 
form rcU fuh)hur or brimstone. 

American sulpl.ur U extracted by tl.c Fra^h proc^- Tite < epos.t 
occurs bcloxv clay, <iuicksand and rock. A boring is made to tl.c deposit 
And A pump ■’ of concentric pip« is sunk 
(Fig. 250). Down the outer pipe super- 
heated water is pumped, winch fuses the 
sulphur. Air is forced down the inner 
pipe, when an emulsion of molten sulphur 
and air- bubbles rises to the surface through 
the remaining annular space and passes to 
large wooden rats, where the sulphur of 
0D*5 per cent purity solidifies and is ready 
for immediate use. It contains a little 
petroleum, which makes it rather difficult 
to burn. 

Sulphur was formerly prepared by dis- 
tilling iron pyrites in clay retorts r dFeS^ • 

FejS* + 28 (e/. 35InO, - Mn,0* + 0,) ; or by 
roasting pyrites in kilns with a limited sup- 
ply of air : 3FcS| +- OOj - + ^^0* + 38. 

It is more economical to burn the pyrites 
to sulphur dioxide : 4FcSj + 1 10, -2Fc,0s 
•►SSO,. and use tliis as a source of sub 
phuric acid. Sulphur is formed by heating metallic sulphides at KKH)^ 
in carbon dioxide i FoS + CO, - FcO +CO +S. 

RecoTsred sulphur. — Sulphur is extracted from Leblanc alkali* 
teosle (containing insoluble calcium sulphide, CaS) by the Vkancs-Vlans 
prouss. 



MfM 


Hit 

iviai>9 


...4 


Hot 


'*air 


.Alt 







Flo, 250. — Krw 

pump. 


fulpliur 


Limekiln gas containing carbon dioxide is passed into a susiiension of the 
waste in water in large iron vessels called carboriefors. Hydrogen siilplucle 


is evolved : 


CaS + CO, + H,0 * CaCO, + H,S. 


The gas is passed into a second earbonator where the hydrogen sulphide w 
absorbed as calcium hydrosulphide 


CaS + H,SsCa(HS),. 


The kiln gas is then passed into the second vessel. The Ca<HS), is 
decomposed: Ca(HS>, + CO, + H,0«CaC0, + 2H,S. 

The gas is mixed with air and pawed over porous oxide of iron on a grating 
in the Ckaus kiln — a brickwork chamber with large brick condensing cham- 
bers and flues beyond. The oxide is heated to start the reaction which then 
proceeds automatically : 

2H,S + 0,«2U,0 + 2S. 
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The oxi<le of iron la unchanged and acta as a catalyst. The recovered 
sulphxtr is very pure. 

Coal contains pyrites FeSj, about half the sulphur of which during 
distillation in the manufacture of coal gas comes ofF as hydrogen 
sulphide and carbon disulphide. The sulphur of the hydrogen sul- 
phide is recovered (p. 613) in iron o.xidc. The $penl oxide, which 
contains about 50 per cent of free sulphur, is then burnt in a cur- 
rent of air to produce sulphur dioxide, which is used to make sul- 
phuric acid. 


Some sulphur is recovered from the sulphur dioxide of metal roaster and 
smelter gases by dissolving in a suitable solvent, expelling the sulphur 
<lioxide. and passing it over wlute-hot coke : SOa + CsCOa + 8. 

The solvent may be a cold solution of sodium sulphite containing alumi- 
nium chloride, and the gas is evolved on heating : 

Na^O, + SO» 4^ H,Oea2N*aHSO«. 


Uses of sulphur — Crude sutphur is used for making sulphur dioxide 
and thence sulphuric acid, for bisulphites for paper manufacture, and 
carbon disulphide. Refined sulphur is used in medicine, in the form 
of powder as a fungicide, and in the preparation of gunpowder, matches, 
fireworks and dyes. Sulphur is also used in large quantities for vul- 
canising rubber. 


For use in dressing vince fto provwit the growth of the fungus Oidi’um), 
sulphur is finely ground between millstones and sieved through silk. By 
blowing a current of air through the mill, the very finest particles ('* win- 
nowed sulphur *') are carried off ond aro retained by cloth filters. 

AUotropic forms of sulpbur.^Sulphur is dimorphous and exists in two 
common crystalline forms : a-nlpbur or rbomtio sulphur, and ^-sulpbur or 
moneclmie sulphur. There are also amorphous forms such as y-suJpbur 
or plsstie sulphur. 


Ithombic or a -sulphur crystallises in large pale-yellow transparent 
crystals (Fig. 251), giving a lemon-yellow powder, when a solution of 

roll sulphur in carbon disulphide is allowed 
to evaporate slowly in a dish covered with 
filter-paper. The density of «-sulphur is 
2*06. its melting point is n2'8*. It is in- 
soluble in water and only very slightly soluble 
in alcohol and ether, but is freely soluble in 
carbon disulphide, sulphur chloride (S|Cl|) 
and hot benzene and turpentine, Rkombtc 
sulphur is the form stable at the ordiMry 
temperature and most other forms pass into 
it on standina. Boll sulphur consists almost entirely of rhombic sulphur; 
flowers of sulphur contain 70 per cent of it. but when genuine con- 
tain also a yellowish -white amorphous variety insoluble in carbon 
disulphide. 



Fio. 25I.^CryaUto of 
rliomhie 8uJ|ihur. 
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Fifi. 252.— Structure of Sa molocnlfi. 


xxrt) ALLOTROPIC FORMS OF SULPHUR 

X-ravs show that the S, crystaU contain S. moUn-ulc* 
vopoorancl in solution) consisting of zig-zag octagonal ruiga ig. 252), with 
sixteon S, molecules in the unit coU 

of the crystal. S.. -S. >S 

MonoeJmjc or ^-sulphur, discovered 
in 1823 by Mitscherlich, is produced 
wiicn fused sulphur is allowed to 
crystallise. 

A Urge porcelain crucibU U nearly filled with small pieces of roll sulphur, 
and heated jendy on a sand-bath till the wliole b just fused. It is allowo<l 
to cool until a crust forms on the surface. Two holoa (one to a<lTnit air) era 
pierced in thb crust with a pointed glass tod, and the still liquul portion 
poured out into a dry porcelain dish. On removing the crust, the msido of 
tlia crucible will be found to bo lined with transparont neodlo-almpoil 
crysUls (Fig. 253) of ^.suli»hur. usually deopor yollow in colour than a* 

sulphur. On standing for a few days the crystals 
become opaque brittle lernon-yollow aggrogaiea of 
minute crystab of a aulphur, although the original 
monoclinic form b preserved and the crystal Is 
therefore celled a pMudomorph. The transition from 
onefonn to the otlurb readily followed by the colour. 

(Uenuine Sicilian roll sulphur should bo used for 
these experiments, since American sulphur may con- 
tain a trace of petroleum which rceulta in dork 
coloured and unsatisfactory products.) 


Flo. 253. — Crystal of 
i&oaocUiue s^phur. 


^•sulphur when quickly heated melts at 119 ; 
its density is 1*96. It is soluble in carbon disul- 
phidc and the solution on evaporation deposits «• sulphur. 

The transformation of Sj into S« is reversible ; below 06^ S. is the 
stable form and above 90* S^. This temperature is tbetrsnsiMoo temper* 
stars (or trsaslUoa point) of sulphur. At the transition temperature the 
two crystalline forms are in equilibrium : ^ S^. 


Substanesa like sulphur and tin <p. $27) which exbt in two forms one of 
which b stable below a certain temperature and the other stable above It. 
are called soantiotropic i substances like phosphorus (p. 565) and iodino 
raonochioride (p. 332) which exbt only in one stable form, tlio other forms 
being unstable or metastable in all circumstances, are called moDOtropie 
(Greek monos one, enantioe opposite, f repos habit). 

A second variety of monocliiiic sulphur, deposited in pearly leafiots from 
a hot solution of sulphur in benzene or toluene on rapid cooling, was 
called nacMcus sulphur by Gsmez and b monotropic. It is also formed by 
cooling sulphur fused at 160* in a tube to 98* and scratching the Inside 
of the tube with a platinum wire. 

Sulphur vapour. — Sulphur boib at 444'6* and forms a deep red 
vapour which when strongly heated becomes yellow. Dumas (1832) 
found tbe vapour density at 524* to correspond with S^, but the 
vapour was probably a mixture of S| and S, ; at higher temperatures 
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the density fftlls and at 1000^ corresponds with $2* Nernst found that 
45 per cent of the molecules were broken up into atoms at 
2000^:82^28. Blitz (18S8) and Bleier and Kohn {1000) found 
densities higlier than Sf at lower temperatures {t.g. 193^ at 2 mm.}, 
and concluded that at lower temperatures the molecule is S^, partly 
dissociated even at the boiling point : Vapour densities at 

80^ under low pressures gave S| for S« and S^, and a smaller molecule, 
probably S4, for (p. 454). The lowering of vapour pressure of 
carbon disulphide by dissolved rhombic sulphiv gives the formula S|, 
but Sf and S4 have been given for S 4 and S, (p. 454). 


?ure sulphur. — H. B. Baker purihed aulpht4r by heating the vapour with 
S|CI| ot 450^> when the hydrogen present as impurity forms H,S. which 
reacts with S*CI| to form HCl and S. The S,Cl, and HCI were removed by 
heating in vacuo, and the sulphur left was so pure that it could be distilled 
unchanged in oxygwi dried over phosphorus pentoxide. 


Equilibrium between rhombic and monoclmic sulphur. — In Fig. 254 
OP is the vapour pressure curve of ecsulpbur and represents the 

pressures of sulphur vapour in 
equilibrium with solid S. at 
various temperatures. P is 
the transition point of «• and 
^•sulphur, where «• and 
sulphur and vapour are in cqui* 
librium, and le a iripU point : 
the three “ phases ’* can co- 
exist only at one temperature 
and pressure. Q is the melting 
point of /3*su]phur and is an- 
other triple point where ^-sul* 
phur, liquid and vapour arc in 
cq u il i briu m . 0^ is the va pour 
preanurc curve of liquid sul- 
phur. 

Iftf'Sulphur is heated rapidly 
the slow' transition into p-suU 
phur at P will not occur but 
the curve PPwiW be followed 
to the point E. W'hich is the 



Vapour 


FlO. 254. — Vapour pressure diagram for 
cuJphur. 


melting point of a-sulphur (IIJ*): at this |K>mt «-sulphur, liquid and 
vapour co-exUt, so that R lies in the prolongation of the curve 
The point R lies in a mttastabU region since « -sulphur is not a sUble 
phase above W. Below 96* « is stable and fi unsUblo but above 96 
S is stable and a unstable. But Sg may oxUt in a mct^table condition 
^low 96* because the change Sg->S, takes place only slowly. The pro- 
lonuation of QP to Y expresses this fact, PY being the vapour pressure 
curve of at temperatures below 96*. The melting points of «• and 
^-sulphur are raised by pressure but at different rates. This is repre* 



XXVJ] 


PLAh-no avLrnvn 


4A3 


r 

u 


s 

« 

( 


1 

1 


^Fic 2“a Ihev arJTotually nearly parallel, so tl.at their ,...,nt of 
ate^ction 5 wS bo at a groat distance above the 1 axis if the figure 

heated, it will not melt at U3 but at 120 , ^ _ . j 

since it has been con vetted into S^. 

Plastic suiphur.— The changes which occur 
when sulphur is slowly heated to its boiling 
point arc most remarltable. 

■NVhen small pieces of goiuiine roll sulphuf are 
slowly and cntofully heetc<l in a lofg© twt*tMbo, 
they melt to a cleor yellow mobile li<|uid. On 
cooling rapi<lly by pouring in water, is pro. 
ducod. H the temperature is now graduollif 
raised and the tube shaken, tlie ofsngo>rc<i 
Uc^uid $u<idv>ty becomes very viscous at 180*- 
190*. At 230* the liquid is black and viscous. 

Bcyonii 230’ the viscosity decreases Init the 
colour remains dark, and the au1|»hur linnily 
boils ot 444 0*. If the boiling auiphur is 
allowed to cool tioufly it poaeee through the 
above series of changes of colour and viscosity 
in the reverse ortler. solidifying as ^-sulphur. 

But if the boiling litiuid is quick^/ cooled by 
being poureii into cold water it forms soft rubber -like imnspnr.*n 1 yclUnv 
threads. CMlle<l plastic sulphur or y-suipbur (Fig. 255|. 

Plastic sulphur baa a density 1*92 and is insoluble in carbon disul- 
phide. On standing for a few days it forms an opaque brittle pale- 

yellow solid consisting partly of rhombic sulphur, 
but some of the solid is insoluble in carbon disul- 
phide and consists of an amorphous variety 
called S^. At 100^ the change takes place more 
rapidly. 

Plastic sulphur (mentioned by Baum6 in 1773) 
U amorphous but (like rubber) it sho^vs an X-ray 
'‘fibre *' diagram >vhen stretched, suggesting tiiat 

Pio. 25$. Structure it contains long chains of sulphur atoms parallel 

of plastic aulpbur. ^ ^he direction of stretching (Fig. 256). 



Plo. S.’tS.— riiiAHr sulphur. 



The plastic auiphur is obt^ned only if slightly impure sulphur, wlilch 
has been exposed to air and contains a trace of sulphuric acid, is used. 
If ammonia gas is passed through the boiling sulphur, no plastic sulphur 
0 
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U formed on rupul oooliJig. In liquid sulphur two forms and S exbt 
in equilibrium at various temperatures: tho percentagea* of S 

are: at 120®, 3*6; 160% II; 444*6% over 30. is the form giving 
monooliaic sulphur on coolings while gives plastic sulphur. 

Tho rate of conversion of into on cooling is greatly increased by 
ammonia , w h ich ac ts as a positive catalyst for I he ch ange S^->- S^. Sulphur 
dioxide, sulphuric acid and traces of iodine retard the change, acting as 
negative catalysts end so promoting tho formation of on cooling, since 
they stabilise this form. 


White sulphur. — An amorphous white sulphur remains as a pale* 
yellow powder when genuine flowers of sulphur are extracted with 
carbon disulphide ; it is also formed wlien a solution of sulphur in 
carbon disulphide is exposed to sunlight, or by the decomposition of 
sulphur chloride by water. It is probably a form of S^- 

Powdered roll sulphur when boiled with milk of lime dissolves to 
form calcium pentosulphjde and calcium thiosulphate : 

3Ca(0H), + 12S -2CaS, ♦ CaS,0, + 3HjO. 

The reddish -yellow solution is filtered. It was known to the early 
alchemists as Ihtio/t kudor {the " divine ** or ** sulphurous *' water). 
When it is acidified with dilute hydrochloric acid a white amorphous 
precipitate of uuik ol sulphur (lac $ulpkuri3) is formed and hydrogen 
sulphide is evolved : 

2CaS* + CaS,0, + CHCI - 3CaCl, f 3H,0 ^ I2S. 

Milk of sulphur, which is used medicinally, is soluble in carbon dU 
sul ph ide. 1 1 is a form of Sj . 

Colloid si soipbur is formed in the preparation of milk of sulphur : the 
filtered liquid is a turbid emulsion of sulphur The milky liquid 
obtained by passing hydrogen sulphide into a solution of sulphur 
dioxide deposits on evaporation a gum •like mass, part of which is 
soluble in water (Debus, 1888). 


Colloidal sulphur is obtained by tho interection of wulium thiosulphate 
aolution and concentrated sulphuric acid. It is procipiuted from the 
aolution by addition of eo»lium chloride anti centrifuging, and rediasolvee 
in water (Oden, 1913). 

Other forms of sulphur. — Otlicr varieties of sulphur dcacrlbe^l are S, and 
S (or S ). S, is obtained when sulphur is Ijcated to about 180* and rapidly 
coolwl :\he solution of the solid in CS, when cooled to - 80* deposits S^. and 
S is obtained by evaporating tho remairung solution in a vacuum at - 80 . 
In solution in toluene or carbon disulphide S, has a deep-yollow colo\i^ 
In solution it exists as S^. is sai<l to bo produced when to ooncentro^ 
hydrochloric acid at 0* a cold solution of sodium thiosulphate is added 
and tho mixture shaken with tduene- After a short time orange-yellow 
fliombohcdral crystaU of separate from the toluene, having a distinct 
form and solubility. The solutions of S* are yellow, but not so strongly 
as those of S,. In solution it exists as S«. 
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T^o other forme. S, (rhombic pUtce) end S, 
colourless, ore formed by cr>-s«<.llisir.B from u solnuon '^lor 

form containing rublxr nn.l a little beiiiomtnlo (Kormth, I JX»I- 

Hydrogen sulphide.— Sulphur and liydroRon form a gaeeous com- 
pound H,S. called kydrogtn talphide (or ” aulphurcltcd hydrogen ), 
and several liquid hydrogen potysalphide* H^S,. HyS- 

Although hydrogen sulphi.lo was known by its smoll to tho oleheinistH 
the gas was first carefully examined by Schcolo in 177. ; ho proved that 
it tt compound of hydrogen and sulphur. 

Hydrogen sulphide occurs in volcanic gases and in some mineral 
waters, e g. of Harrogate. Aix.la-Chai>cllc. etc It is ^ 

putrefaction of o^ianic substances containing sulphur and contributes 
to tlic smell of rotten eggs and sewer gas. 

When hydrogen is passed over boiling sulphur in a bulb*tubo the 
Issuing gas contains a small amount (I or 2 per cent.) of hydrogen aul. 
phide and blackens lead acetate paper owing to the formation of load 
sulphide PbS. If pure hydrogen sulphide is heated partial decomposi. 
tion occurs with deposition of sulphur, hence the reaction is reversible : 

The pure gas U prepared synthetically in presence of pumice as a cata- 
lyst at 000®, when the reaction is practically complete. 

Traces of hydrogen sulphide ore forme<i when sulphur is boiled with water: 


4H,0 + 4S 9iS 3H,S 4^ H.SO«. 

Tho gas is formed when heavy niiphllio (sp. gr. 0 9) is dropped into boiling 
sulphur in a flask, and is evolved in a regular stream on heating a mixture 
of powdered sulphur, parafTin wax ancl ignited asbastos. Hydrogen in t)io 
hydrocarbons is substituted by sulphur (S replaces 2H). 

Hydrogen sulphide is usually prepared in the laboratory by the action 
of dilute sulphuric acid, or better hydrochloric acid (1 : 3), on ferrous 
sulphide in a Kipp's apparatus : 

FeS + 2HCl-FcCU + HtS- 

The gas is washed with a little water before use. Since the ferrous 
sulphide contains free iron the gas contains hydrogen, which does not 
interfere witli its use In qualitative analysis. 


Hydrogen sulphide free from hydrogen is obtained by heating 
powdered antimony sulphide (sftbni/e) witli concentrated hydrochloric 
acid : 


Sb^5 + 6Ha « 2SbClj -► 3H^. 
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The pure gas is obtained from pure zinc sulphide or calcium sulphide 
and hydrochloric acid : 

CaS + 2HCl»CaClj + HjS. 

or by licating to 60^ a solution of magnesium hydrosulphide obtained by 
passing the impure gas into a suspension of magnesia in water : 

MgO + 2H^ Mg(HS), + Hfi. 

Hydrogen sulphide may be dried witli calcium chloride or phosphorus 
|>entoxide ; it reacts with concentrated sulphuric acid : H28 + H3SO4 • 
S + S02 + 2H,0. It U collected in dry jars by displacement (it is 
1*2 times as heavy as air) since it is soluble in water (3*4 vols. to I vol. 
water at 10®) and tarnishes mercury unless it is dry and free from 
oxygen. 

Hydrogen sulphide is a colourless gas with a powerful odour of 
rotten eggs (decaying albumin evolves H^S) and is poisonous. It 
liquefies fairly easily to a colourless liquid, b. pt. > 00*7® (vapour 
pressure at 12® • 15 atm., critical temperature 100*4®. critical pressure 
80*05 atm). At lower temperatures it forms a transparent solid, m. pi. 
-83*6®. 

Hydrogen sulphide ia soluble in water (4*37 voU. at 0®, 3*40 vols. at 
10®, 2*G vols, at 20®) and alcohol (9*54 vols. at 15®). The aqueous 
solution is a feeble acid ; the gas is completely expelled by boiling, and 
on standing in air the solution becomes turbid owing to oxidation and 
deposition of sulphur : 

2H,S + 0,-2H20 + 25>. 

This is retarded by the addition of 1 ml. of glycerol to 50 ml. of satu* 
rated solution. In deeinormal solution 01 per cent is ionised to H* + 
HS' ; the further stage to S" is very slight : 

[H 1 k10-» 

[H*)(S")/[HS')-l*2x JO-» 


A solid crystalline hydrate with 5 or 6 H^O U formed at low temperatures. 

Tlie gas is decomposed into its elements by electric sparks or by 0 
heated platinum spiral : H^S - H, -f S. and by heated tin or lead, giving 

its own volume of hydrogen: + Sn - H, + SnS. Its density corres. 

ponds with the molecular weight 34. Of this one molecule of hydrogen 
per molecule of gas accounts for 2, and hence the sulphur is 34 - 2 - 3A 
which is the atomic weight ; hence the formula is H^S. 

Chlorine decomposes hydrogen sulphide and sulphur JS deposited . 
u s + CI *2HCI +S. but sulphur chloride is also formed. A soJiilion 
of hydrogen sulphide gives a precipilato of sulphur with chlorine water, 
but with a large excess of chlorine water it sbwly forms sulpimnc acid . 
H.S + 4H.0 * 4C1. - * 8HCI, 
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Hydrogen sulphide is essily oxklteod and acU as a reducing agent in 
aqueous or alcoholic solution. It reduces solutions of feme cl.loridc, 
potassium permanganate and potassium dichromate . 

2FeCl, + -2PeCl, + 2HCI + S 

2KMnO, + 4H^ = 2MnS + S + K^O. + 4H,0 
K,Cr,0, 4H^SO, 3H5S - KySO, +Cr,(S0,)3 + 3S + 7H,0. 

Hydrogen sulphide may be determined by titration in dilute solution 
{not more than 0'04 per cent of H^) with iodine solution : 

H^ + I, = 2HI^S. 


The gas kindled in air or oxygen bums with a blue flame ; the 
ignition point in air is 364“. The gas is completely dissociated m tlm 
interior of the flame, which deposits sulphur on a cold porcelain dish. 
If the gns in ft glftsa cylinder is kindiwl at the mouth a deposit of sulphur 
is formed on tlie inside of the jar, owing to the deficiency of oxygen : 


2H,S + 0,-2Hj0*2S. 

With ft plentiful supply of oxygen, as when the gas burns at a jet in air, 
sulphur dioxide U formc<l : 

2HyS + 3O,-2H,0 + 2S0,. 

A mixture of 2 voU. of HjS and 3 voU. of oxygen explodes violently 
when kindled. 

The gas decomposes concentrated sulphuric acid : 

- S + SO, + 2H,0. 

It U absorbed by solutions of alkali h^'droxidos, and by slaked lime, 
forming sulphides and hydrosulphidcs : 

2NaOK -I- H,S -Na^S -i- 2H,0 
Na,S + H,S-2NaKS. 


Fuming nitric iwid reacts violently with the goa. ignition and perhaps 
explosion occurring. Very dilute (5 per cent) nitric acid is not nffectod { 
with more concentrated acid (43 per cent) the producU ore sulphuric acid, 
sulphur, ammonia, nitrous acid, nitric oxide and nitrous oxide. A solution 
containing 23 por cent of nitric acid and 13 per cent of sulphuric acid is 
inert towards the gas, whether prepared by mixing or by the reaction 
itself. 


The gas or its solution {t.tj. in mineral waters) may be detected by the 
black coloration due to lead sulpliide PbS, produced with lead acetate. 
Alkali sulpliidcs give a purple colour, not produced by free H,S, with 
a freshly*preparcd solution of sodium nitroprussidc Na,Fe(NO)(CN}j. 

Precipitation of sulphides. — Hydrogen sulphide precipitates sulphides 
from solutions of salts of many metals. These sulphides often have 
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characteristic colours, and hydrogen sulphide is used as a reagent in 
qualitative analysis.* 

The sulphides of Group 11 metaU are precipitated from solutions 
acidified ^vith hydrochloric acid : copper, lead, mercuric and bismuth 
salts all give black sulphides (bismuth, brownish black), CuS, PbS. 
HgS, Bi^S} ; cadmium, tin (stannic) and arsenic give yclUnv sulphides. 
CdS, SnSj, AsjS} ; antimony gives an orangt-rcd sulphide Sb^Sj ; tin 
(stannous) a broum sulphide SnS. 

Group I\* metals are precipitated only in alkaliru solutions. An 
alkali sulphide, e.g. ammonium sulphide, may be used. The precipi* 
tates are black (FeS, CoS, NiS), white (ZnS), and flesh* colouied or 
greenish (MnS). 

If the sulphides are very sparingly soluble (PbS, CuS. HgS. AS 2 S 9 , 
Sb^Sj, etc) the concentration of S” ions formed from them is never 
large enough, even with relatively high concentrations of H* ions, to 
give an ionic product (H’P * [S") exceeding the solubility product of 
HjS, so that the latter cannot be formed. In other words, the sulphides 
are precipitated even in the presence of acids. Cadmium sulphide CdS 
occupies an intermediate position ; if the acid concentration is greater 
than l*3iV it is not precipiUled. Zinc salts are incompletely pr©« 
cipitated from neutral solutiorw, since the acid formed leads to an 
equilibrium slate: ZnS 04 + H^S ss ZnS+HjSO*. Sulphides of some 
metals (FoS, ZnS, MnS) are precipiuted in alkaline solution, because 
then practically no H* ions arc formed. The metals of the alkalis and 
alkaline earths are not precipitated, because tfioir sulphides are 
soluble in wstcr (Na,S, K.S) or in a solution of hydrogen sulphide 
(OS -k HjS ^ Ca(HS),). Aluminium and chromium salts give pre* 
cipitates of hydroxides with ammonium sulphide, since their 
sulphides arc completely hydrolysed by water : 2Ar*‘ + 3S" +CH,0 - 
2A1(0H), + 3H,S- 

The precipitation of eulphidae is c..m,>licate.l by the occ.o^nco of 
modifiecitions with tlifferonl eolubililiee. Cohnlt an.l nickel sulphi.lee are 
not precipitatci by h>^l^oKen eulphi.le from ari.i ^fut.ons, hut “-'‘en bo 
preeipitates have boon formed by ammonium sulphi.lo m nlkalino eo lut.on 
They aro insoluble in .liluto «Hd.. Two mexiidcs. ions 
pfe^ipi.oio.1. one (s-ZnS) in «-i.l enlulion and another 0-Z..S) 

Elution. Ilio soc<m.l form havii.R five times the solubility of ho fi™'- ^ 

precipitation of Iho zinc sulphide. 

• On the theoiy of 8 iiI|>Iik1o pfvcipiutlon, wo p. 313. 
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Hvdrogen persulphides.— If an acid is a^hlcd to the yellow theion Mor 
lr>. 454), which contains polysulphidcs of calcium (^Sj and probably 
CaSj, hydrogen sulphide is evolved and while eolloiclal suli)hur is 
formed, slowly depositing as milk of sulphur : 

CaS, + 2HCI » CaOj + HjS f S. 

Scheele (1777) found that if the calcium poly sulphide solution is ^ur<Mi 
in a thin stream into cohl fairly cc»ncentratc<l hydrochloric and, witli 
constant stirring, a yellow oil scjiarates, which Tbennrd (1H31 ) rcgartlod 
as liydrogm penulpWde analogous to HjO*. 

CaS,4-2HCl-(:aCl, + Hj8,. 

Boil 2 parts of powdered I sulpluir with 13 of water and I part of Umo 
8lake<l with 3 of water, «h<l decant Ih© clear deep rc*lilUh-yollow hquid : 
3Cs(OH),+ l2S = 2CaS* + CBS,0,-f 3H,0. Acidify the solution, when a 
white precipitate of sulphur is form©*! anrl hydrogen sulphide ovolv©»l. 

To 250 ml. of a roolotl mixture of equal volumes of com entrottsl HCl and 
water in n lioaker a.M in a thin streom, with vigortuis stirring, 100 ml. o( 
M t ion h udor . ! nsert a piece of 1 it mi is | »a |»or in to th© to I Ih y I i'l u i «l at ir I no I ivo 
that it is bloachc<l. Pour the liquid into a scpnmting funnel. After a fo'v 
hours a yellow oil, heavier than water, separates. 

The oil, density 17, has a pungent smell, is soluble in l>cnicnc and 
carbon disulphide, buts|wringly soluble in and decompwctl by alcohol- 
It slowly <lccom poses snonlaneously. c.s|)ecia)ly on warming, into hydro- 
gen sulphide and a residue of sulphur. If sealed up in n bent tube, liquid 
HjS collects in one limb cooled in a freezing mixture, and sulphur re. 
mains in the other. The composition of the oil is variable, since the 
sulphur formed on decomposition disstilvcs in Ihe remaining persulphide. 
Some chemists consulered it to be 


Sabatier (158$) separated the crude pcrsulphido into fractions by 
distillation under re*luee<l pressure ; under 40-pMi mm. pn'Hsuro 
the chief fraction had a composition intermediate lictwi'en H|S, 
and H,Sa. Sabatier <onvlude<l lltat it tvas H,.S, .f dissolved sulphur. 
Uloch ami Holm (1901^) scparate<l the crude oil <lrietl by calcium chloride 
by distillation in small portions under re<lnce<l pressure. Since alkali 
<lecomposes ]i>‘drogen pcrsulpliMlos tlie gloss apparatus was washed 
with concent ratnl hydrochloric acid, and the calcium chloritie treated 
with hydrogen chloride gas. Two volatile Tract iona w’crc abtained. In (ho 
first receiver bydrogeo trisulpbide, a pale yellow liquid, density l*40H, b. pt. 
43°-60°/4<5 mni,. m. pt. -52° to -53^ colleclod : in a further, strongly 
cooled, receiver bydroges disulphide, a yellowliqxiid. denaity 1327, b. pt. 
74° to 75°, <]uickly <iecoTriposcd by water and alkalis. w*as obtained. 

Feh4rand Baudler (1247) showed that crude hydrogen persulphide does 
not contain H,S, and wdiich are fonnod from higher persulphides 

by decomposition during distillation. The main component of tlio crude 
oil is probably or H|S«. Tliey obtained HyS 4 (a bright -yellow oil, 
density more stable tlian HtS, or HtS^), H,S| (bright yellow, more 

viscous than olive oil. density I '060). and HyS, (more intensely yellow 
and more viscous (lian density 1*669) by molecular distillation ** 

of tlia oil in thin layers in a high vacuum. 
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The hydrogen polysulphide* probably contain elxain* of sulphur atoms i the 
disulphide ion in salt* is (S — S)"an<J the trisulphide ion is bent 
n-ilh tl^e S— S length 2-15 A. and angle 103®. 


[^J 


Halogen com^unds of sulphur.^^ulphur burn* spontaneously in 
fluorine producing colourless gaseous sulphur bezaflocride SF, (Moissan 
and Lebcau» 1900). This contains 6*valent sulphur, the sulphur atom 
having an outer shell of twelve valency electrons, The density of 
the gas corresponds with the formula SF«. It solidifies at-50•8^ 
The gas is chemically inert like nitrogen, but is decomposed by boiling 
sodium : 


8F. + SNa - Na^S GNaF, 
and by hydrogen sulphide : 


SF*+3H^-6HF + 4S. 

Fused potassium hydroxide and ignited lead chromate or copper* have 
DO action upon it. 

The sulphur hexafluoride molecule is octahedral, with the sulphur 
atom in the centre and six fluorine atoms at the six corners 
(see p. 504}. 

A small amount of S|F|», m. pt. -92,* b. pt. 4-29’, is formed by the 
action of fluorine on sulphur (Denbigh and R. W^ytlaw.Gray, 1934). Sulphur 
monofluoride is obtained as a colourleaa gaa, b. pt. - 00*. m. pt. 

- 105*5®, by heating silver f1uoH<le with sulphur : 2AgK 4- 3S « Ag^S 4 S|K|, 
A gaseous sulphur teUafluoride SF|, b. pt. -40*, m. pt. - 124'. is fonticd 
by heating sulphur with cobaltic fluoride : 4CoF, 4 S * 4roF, 4 SF*. It ie 
decomposed by water. 


Sulphur mon«blorlde S,Cl, is prepared by passing dry cfdorine over 
sulphur fused in a retort (T. Thomson, 1804). A red liquid distils into a 
cooled receiver {Fig. 257). By rectification of this over powdered sul- 



nhiir. or by allowing il to slan.l over active cUaroonI, an 
!:lil<.rii.c i» removed, and a clear nml^r-coloore.! Ii.iuid. density 1 W. 
b. pt. 138®, is obtaine<l, which solidifies on strong cooling, m. pi. ov 
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Sulphur monochloride has a vapour density 67 6, corresponding with 
SCI, (d*07*0), but the liquid dissociates shghtly on boiling. It 
fumes in moist air and has a most disagreeable pungent odour. Ihc 
liquid is only slowly decomposed by water ; hydroclilonc acid and 
sulphur are formed, together with various oxy-acids of suljihur {e.fj. 
pentathionic acid), The stoppers of bottles in which it is kept become 
coated with sulphur owing to hydrolysis : 

S,Cl, + 2H,0 o2HCl + + SO, 

2H,S + S0,»2H,0 + 3S 
jH,S + lOSO, - 3H,SA + -H,0. 

Metals decompose sulphur chloride on heating, forming chlorides and 

sulphides. Sulphur chloride dissolves sulphur readily (60 percent), also 

iodine, many halide salts of metals, and organic compounds. The salt 
solutions are poor conductors, and on account of its small clHccIric 
constant (4-9) the liquid has only a alight ionising power. Sulphur 
chloride forms a compound 8,CI,.4HCI with dry hydrogen chloride. 


When saturated with chlorine at room temperature sulphur mono* 
chloride forms a ruby*red liquhl cmitaining SCI,, sulphur dichloride, b\it 
this aecomp««se8 on distillation. At - 22* chlorine and the monochloride 
produce sulphur tetrachloride, SC1«. This freozoe to a yellowish- white solid, 
melting at > 30*. On taking the liquid out of the freezing mixture it 
decomposee. Stable crystalline double compoun<le, SbCli.SCl,, aro 
known. Lo^vty, McHatten and Jones (1927) found (hat samples of 
chlorinated sulphur chlorUle after boating in a sea let I tube at 100* gave 
freezing-point curves with maxima corresponding with S,CI, and SC'U. 
also breaks attributed to the crystallisation of SCI, and a new chloride 
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The sulphur-cbloriAe system. 


SjCl,. Although an equilibrium mixture having the composition SCI, 
ileposita SCI« on freezing, freshly prepared mixturee of S,Clt with an over- 
chlorinated sample of sulphur dichloride gave a temporary maximum 
freezing-point corresponding with SCI,; SCh + S,Cl, = 3SCl„ followed on 
standing by 2SCl,«SA^I,-f Cl,. Solid SCI, can be frozen out of the fresh 
mixture and crystallised from light petroleum by cooling in liquid air. 


462 INORGANIC CHEMISTRY (chap wcvi 

The stnicturee of tho StCla and SCl^ moleculee, as determined by electron 
diffraction, are : 

Civ 

the angles being 105* (Cl S S) and 103* (Cl— S' Cl) respectively. 

Sulphur monobromide StBrt. is a garnet 'red liquid, b. pt. 57*/0’22 mm., 
m. pt. - 46*. obtained by heating sulphur with bromine in a sealed tube. 
The so'called iodides of sulphur are mixturea of the elements. 




CHAPTER XXVII 

OXYGEN COMPOUNDS OF SULPHUR 
The following oxidee And oxy-acids of sulphur are known : 


Sulpbux moaoxide 

SO 

Sulphur thoxide 

SO, 

Disulphur triosde 

s,o. 

Dijulpbur beptoxido 

s,o, 

Sulphur dioxide 

so, 

Sulphur tetrosde 

SO, 

HTposuipburous acid 

H,SA 



Sulphurous acid 

H,SO, 

Dithiosic acid 

H,S|0, 

8u]|>huric acid 

H,SO, 

TriUuonic acid 

H|K,0« 

Thiofulpbutic acid 

H,S,0, 

Tetrathioaic acid 

H,S,04 

Disulphuric acid 

H,S,0» 

PeotathioBic acid 

H,S,0, 

Ptfdbuipburic acid 

H,S,0, 

BexatUoaic acid 

H,S,0. 

Ptmofiosulpburic acid 

H,S0, 




SOLPBUa DiOXJOB 

Bister;.— Homor refers to the lase of burning sulphur in fun>igatlon and 
Pliny states that the fumes were used for purifying cloth {i.t. bleaching 1. 
The alchemists thought the pungent fumes were oil of vitriol, but Stahl 
(1703) showed that they gave peculiar aalte with alkalis, and since they 
stood halfway between sulphuric (vitriolic) acid and stilphur (the latter 
regarded as sulphurie acid + phlogiston), his followers called the odd 
phU>9i4ticattd vUriotic acid. Priestley (1774) obtained gaseous sulphur 
dioxide by heating concentrated sulphuric acid with mercury and collected 
it over mercury. He called it virWdte ocu^ air. lie composition was <le* 
terminecl by Lavoisier in 1777. 

Occurtsnes. — Sulphur dioxide occurs in volcanic gases and traces aro 
present in the atmosphere, being derived from the combustion of iron 
pyrites contained in coal, and produced in various metallurgical and 
chemical processes. 

Preparation. — Sulphur dioxide is formed (together with a little tri* 
oxide) when sulphur bums in oxygen : 

S + * SO{. 

It IB also formed (mixed icifA aimoepheric nitrogen)* when sulphur or 
iron pyrites bums in air : 

4FcS, + 110,- 2Pe,0, + 8SO,. 

* It is a very common error to give this as a laboratorv preparation of sulphur 
dioxide. 


493 
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When sulphur is heated in air it fuses, and as the temperature risoe 
rery gentle combustion begins, accompanied by a faint glow visible onl; 
in a dark room. This is due to the oxidation of sulphur vapour, whji^ 
is evolved appreciably at about 230*. At about 363® in air (275®-2W* 
in oxygen) the sulphur ignites and burns with a blue dame, producing 

sulphur dioxide SO^ and a little 
solid sulphur trioxide SO,, which 
renders the gas cloudy. 

Sulphur burns in a con lined 
volume of oxygen or air without 
causing appreciable change of 
volume, t.e. stUpkur diozide emu 
iaitu iU own lofume o/ oxi/^en, 

A small piece of sulphur in s 
metal spoon is kindled in dry 
oxygen over dry mercury in the 
apparatus shown in Fig. 258 by 
means of a piece of Hne pletinum 
wjx« hoated electrically in contact 
with the sulphur. When the 
apparatus is cool, the mercury 
levels are practically unchanged. 

The density of sulphur dioxide 
gives the approximate molecular 
weight 64. The experiment 

Fto. SS8.— VolumeiTM composition of shows that this contains a mole- 
.ulphur dioiid*. 0 ^ . 32 , 

hence the remainder, 64 -32 -32, U the weight of sulphur. Butthu 
is the atomic weight, hence the formula ia SO,. 

Sulphur dioxide gas is usually made in the laboratory by heating cw- 
centrated sulphuric acid with copper turnings. The acid is also redu^ 
when heated with mercury, silver, or charcoal ; reaction with sulphur 


is very slow ; Cu + 2H,SO, - CuSO, + SO, + 2H,0 

Hg + 2H,SO, - HgSO. + SO, + 2H,0 
2Ag + 2H,SO, - Ag,SO. + SO, + 2H,0 
C + 2H,SO, - 2SO, -f CO, + 2H,0 
S + 2H,S0, = 3S0, + 2H,0- 

Cop,.cr lur..ing» covered with concentrated sulpimric acid are 
wire giuze in a flask fitted with a thistle funnel and del.v.ry Tte 

mixture becomes dark and gas U evolved w.th 
occurs the Homo is lowered or removed. The ^ «s 
war.l .iisplacement or over mercury. It may bo dried by 

sulphuric acid, calcium chloride, or Phosphorus pentox.de^ After J ? 

the residue in the flask may be wanned w.th water, and the solut. 
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fat«re.l. evaporate.) end eet «ide. Deep-blue eryeUU of copper aulpheto 
CuS0».5H,0 vUriol) separata. 

Sulphur dioxide is evolved by the action of acids on sulphites or acid 
sulphites, e.g. by dropping concentrated sulphuric acid into a concen- 
tratad solution of sodium hydrogen sulphite : 

NaHSO, + H ^04 -NaHSO* + SO, + H,0- 

Sulphur dioxide is also formed in a number of reactions wlien sul. 
phides or sulphur are exposed to oxidising agenU. On the large sralo 
the mixture of sulphur dioxide end nitrogen formed by burning sulphur 
or pyrites in air is washed with water and the sulphur dioxide expelled 
from the solution by heating ; the dry gas is then liquefied by com- 
pression Liquid sulphur dioxide is sold in glaas siphons or m steel 
containers. Sulphur dioxide is used in bleaching wool or straw, as a 
disinfectant, in making sulphites for the paper industry, and in makmg 
sulphuric acid. Liquid sulphur dioxide has been used in purifying 
petroleum products. 

Properties.— Sulplmr dioxide is a colourless gas 2i times as heavy as 
ait (normal density 2-9267 gm./Ut.). with a auffocating aincll well known 
as that of burning sul- 
phur. It is easily li- 
quefied by compression 
(2} atm. at 15^) or cool- 
ing to form a colourless 
liquid, b. pt. > 10*, sp. 
gr. 1*434 at 0*, dielec- 
tric constant 13'75, 
critical temperature 
157*16*, critical pres- 
sure 77*65 atm. The 
liquid dissolves iodine, 
sulpb ur , phosphorus, 
resins, and some salts. 

The salt solutions con- 250.— Liqurfsetion of SO, by cooling, 

duct the electric cur- 
rent, BO that the solvent has some ionising power. On rapid evapora- 
tion the liquid freezes to a snow-like solid, m, pt. -75*5*. Sulphur 
dioxide gas is decomposed in a strong beam of light, a cloud being 
formed (Morren. 1670) : 3SO, = 2SO, -f-S. 

The liquid is easily prepared by passing the gas into a glaas spiral 
inuxiersed in a mixture of pounded ice and salt (Fig. 25d). and is collected in 
a strong tube with the neck drawn off, immeceed in a freezing roixtiu^. 
The neck may be sealed whilst the tube remains cooled. 
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Tho gas does not support combustion in the ordinary sense, but 
heated potassium bums in it, forming potassium sulphite and thio* 
sulphate : 4^ + 3SO, = KsSO, + Kjs,0,. 


Finely divided tin and iron bum in the gas >vhen heated, forming 
mixtures of oxides and sulphides. Pure lead dioxide heated In a bulb 
tube becomes incandescent when sulphur dioxide U passed over it and 
forms white lead sulphate : 

PbOj + SOj-PbSO*. 

Sulphur dioxide combines in sunlight with chlorine forming saipbuiyl 
chloride, a volatile fuming liquid, easily hydrolysed by water (p. 4S4] : 

SO, + Cl, -SO, Cl,. 

The structural formula of sulphur dioxide is : 



0 

0 


or 



the molecule being bent (angle O^^^O* 120^). 

Sulphurous acid. — Sulphur dioxide is freely soluble in water (45 vols. 
to 1 of water at 15^ ; I vol. of glacial acetic acid dissolves 31S vols. of 
sulphur dioxide at 15"^) forming an acid liquid smelling strongly of the 
gas. This probably contains the unstable tuipburcuj acid H,SO,. which 
has never been isolated. On boiling all the sulphur dioxide is evolved. 
When the saturated solution is strongly cooled crystals of the hydrate 
S0„r>H,0 separate. The solution when heated in a sealed tube at 160* 

deposits sulphur : 3H^O, - 2 H,S 04 + H,0 + S. 

The solution has bleaching properties ; moistened wool, straw for hats, 
and other materials injured by chlorine arc bleached on exposure to 
sulphur dioxide or the fumes of burning sulphur. This properly 
(mentioned by Pliny) has been explained by two theories : (i) the for- 
mation of colourless addition compounds of sulphur dioxide with the 
colouring matters, or (ii) the reduction of the colours to colourless com- 
pounds, possibly by na.sccnt hydrogen : 

S0,-^2H,0-H,S04 + 2H. 


A dilute fuchsine (“ magenU *•) solution is bleached by sulphur dioxid . 
but on boiling the colour is restored. Red roses may be bleached by wett^ 
thorn and suspending in a boll-jar over burning eulphur ; oo dipping th 
flowers into dilute sulphuric acid th© colour is restored - 


Sulphurous acid solution is slowly oxidised by atmospheric oxygen to 
sulphuric acid : 2 H,S 05 0, » 2 H,S 04 . 
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but the rate of oxidation ix much reduced by adding glycerol, phenol, 
mannitol, benzaldehyde, or (especially) sUnnous chlonde. 

TitoH (1903) «.ncUia«l that in perfectly pure water no oxidation would 
occur ! oxl<Ution is due to traces of iron and copper boIm in oil water. « hich 
act as catal>-s«. Even 1 gm. atom of Cu" in 10'* ml. exerts an appreciable 
influence. Organic substances may form complex comi.ountls «'ith Clio 
metal ions: tlieir action as negative catalysts may consist in their capab it.i 
of destroying the positive catalysts (C-u". etc.). Another explanation is Hint 
negative eetal>-sls break tbe " chains ■' of molecules pr.Hl.iied by activation 
in ft reaction ip. 216). 

Sulpliurous acid and sulphites arc routing agtnU \ they liberate 
iodine from iodic acid or an iodatc : 

2KI0, + 5S0, + 4H,0 - 1, + 2KHS0, + 

The titration of the liberated iodine is a means of estimation of SOj in 
Bue.gases or sulphites in solution. With excess of sulphur dioxide tl.e 
iodine'is reduced : ^ sq, + 2H,0 -2HI -t H^O.. 

Sulphur dioxide decolorise# a neutral solution of potassium perman- 
ganate : sKMnO* -r i«0, 2H,0 - K^O. 2 MnSO. 2H^0,, 

A piece of paper dipped in acidified potassium dichroraatc solution 
(yellow) becomes green in sulphur dioxide : 

2CrO,-f3SO,-Cr,(SO,),. 

Sulphurous acid solution evolves hydrogen with magnesium. Sulphur 
dioxide and sulphites arc reduced to hydrogen sulphide by zinc and 
hydrochloric acid ; they precipitate stannic sulphide from a solution of 
stannous chloride in liydrochloric acid, and mercury from a solution of 
mercurous nitrute : 


eSnCl, + 8 HCI + 2 SO, -SSnCl* + SnS, + 

2HgNOj +80, + 2H,0 -2Hg +2HN0, + H,S04. 

Sulphides. Sulphurous ftcid is dibftsie and forms two series of salts, 

which theoretically would have the formulae MHSO, and M,SO, : 

2NaOH + SO,-Na,SOa + H,0 
Na^O, + H,0 + SO,-2NaHSO,. 

Divide a solution of sodium hydroxide into two equal parts. Saturate 
one with SOg producing a solution of sodium hjdrogen sulphite NaHSOs. 
This is acid owing to the reaction : HSOt' ^ SO 4 " + H*. Mix this with the 
other half of the alkali and evaporate. Crystals of norma) sodium sulphite 
NatS 0 |.?H ,0 separate on cooling. 


Sodium sulphite forms a slightly alkaline solution owing to hydro* 
: so," -t-HjO Vi HSO,' -fOH'. 
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Solutiotis of sulphites give a white precipitate of bMium sulphite, 
tn hydrochloric acid^ on addition of barium chloride : 


Ba+SO,"»BaSOj. 

If chlorine* or bromine*water is added, a white precipitate of buiim 
sulphate, ir^^uhU in hydrochloric acid, is formed : 


SOa ' ^ HjO + Ci, +2a' + 2H . 

If a solution of sodium h>'drogeD sulphite is evaporated with excess 
of 8ul(>hur dioxide, or if sulphur dioxide is passed over crystals of 
sodium carbonate monobydrate NaaCOa,HaO, the solid sodium dirulpbite 
{j>yro9nlpkiU Or mttahiaulphiU) {i.e. NaaO.SSOa), used in photo- 

graphy. is formed. On heating dry sodium sulphite the sulphate and 
sulphide are formed : , 


4Na,SOj - NfijS + 3Na,SO*. 

The disulphite on heating drst decomposes into NsaSO^and SOa, and the 
Na^SOa then decomposes as above. The simple acid sulphites c.g. 
NaHSOa do not appear to exist in a solid form : the commercial solid 
bisulphite is probably mostly Ns^Oa. The sulphites of calcium 
CaS 03 , 2 H, 0 , strontium SrSO,, and silver AgtSO^ are white and im 
soluble : cuprous sulphite CU|SOs U red and insoluble. Magnesium, 
zinc and cadmium sulphites, MgS0},6H,O. ZnSOa.dHjOi and CdSO^. 
H }0 are white and sparingly soluble. 


Thionyl chloride. — If sulphur dioxide is passed over phosphorus 
pentachloride. a liquid is formed which on iractional distillation is 
separated into thionyl chloride 8 OCI 3 (b. pt. 78*) and phosphorus 
oxychloride POCI 3 (b. pt. IU7*) : 

SO, + pa, - soci, poa,. 

Thionyl chloride is al.w formed by t lie addition of sulphur to chlorine 
monoxide at - 12* : Cl,0 + S • SOCl,- It is manufactured by adding 
sulphur trioxide to sulphur chloride at 73*-80*, and passing a stream ol 
chlorine into the mixture to reconvert the separated sulphur into 
sulphur chloride : 

SO 3 + S,Cl, - SOC), + so, +s. 

Thionyl chloride is the chloride of the bivalent fhiontjl radical, 
. It is a colourless liquid, sp. gr. 1*077 at 0*. which fumes m 
moist air and is decomposed by water, forming hydrochloric anu 
sulphurous acids; it is an acid eWeride, t.e. sulphurous acid wiin 
univalent hydroxyl replaced by chlorine : 


SO 


Cl HOH /OH HCl 

. + ,so< + 

HOH ^OH HCl 




SO, + H,0 ^ 2HC1. 


A general method of preparation of an acid chloride is 
of phosphorous i>cntachloride on the acid, when the acid chloride. 
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hydrogen chloride is not formctl. 

moBjl bromide SOBr,. « rcl liquUl. b. pt. 53’'« ™"‘-; 

,«mg4sOCI.withKa«eousHI5r:SOa.+ 2HBr = SOBr, + 2Ha. T ^ 

cbloribfomido SOCIBr was sai.l by Oe^n »Uo b, bo 
reaction, but Mayes an.l Partington (I92.i) were unab o to confirm tins 
Tkioayl fluoride SOK. is a colourless gas obla.ncKl by Ufa ing SOC I. ami 
arsenl fluoride AsF. : 2AsF. + 3-SOCl. w 2.A^'I. . SSOf,. It ^''1;“^ • 

Gaseous thionjl cblorofluoride SOC’IF is fonncl rr..m s(« I., hb>» ai cl SbCl.. 

The cODStitution of sulphurous acid.-Tlie formation of 
acid by tho action of water on tl.ionyl cblorido suggests tliat it lias tho 
eymmetrlcal formula HO.SO.OH. By tho action of tliionjd chlondo on 
alcohol symmetrical diethyl salpbit. EtO.SO.OKt b. pt. Ibl . is 

By the oxidation of mercapua EtSU with d.l.ito mine and ethybulphomc 
sold EtSO.H. is fonmid, the ethyl eaior of which. l';i>0,El. is obtained by 
the action of sodium sulphite on ethyl i.alide. In the siili.honic and tlio 
ethyl group is dirocUy otlached to sulphur, as in mereaplaii. bulpliurmis 
acid, therefore, behaves as if it had two fonnul^.. tho aymmolneal 
HO.SO.OH, and the uiwyininetricftl H.SO,.OH (9ulphonic •cul). 

Tlic symmetrical foftnuJae of tulphurou^ *ciil anil thionyi chlorxie may bo 
written OA x 

.OH 


:0«SrO*H OP 04-S 

; 0 : 

• » 

H 




s 


CM end 


o fs ^ 

" * « 

:C1: 


OP 


K 

Nn 


OP (more probablj') with 4*vftleftt egiphiir : 

OH ^'1 

b * V’ b;H or O^S< And :0;;S-CI: or 0=aSv 

;b, ■■ .a. ■■ 

• ® 

H 

The unsymmetrical formulae for eulphuroue ockl and a eulphonic ufi«l 
(Rs Et. etc.) may bo writton : 


:0i 

Hvb'.VjH OP 

• • a • 

: 0 : 


• o ' 

H— 0\ ^ H— 0\ 7>0 

aitd H ; O ; S ; R or 

h/ \o ’’ R/ \o 


or (more probably) with 6*valont sulphur : 

: 0 : ' 0 : 

.. . : H-0\ ^0 .. , . 

H;0;S*. Hot andH;0;S:R 




: 0 : 


■ ■ 

:b: 


«- 0 \ 
r/ % 


OP 
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Although tho carboiiate, nitrate, and aulphite ions, COj", NO,', and 
SO,", may bo given similar formulae : 



tlio CO," and NO,' ions are plane triangles with ox3*gens at the cornera, 
whilst the SO," i<»n is a pyramid with S at the vortex. Tluonyl chloride U 
also pyramidal. (Tlie sulphur trioxicle tnoUeuU SO, is an er{ui!ateral 
triangle.) The tUtuiphUc icn has tite structure — 0,8 — SO, — : 




Wo 


O— 


and not —0,8—0—80, — as might have been expected from its (hypo* 
theticsl) formatiorr from 2H,S0, — K,0. 


SULPHUK TKIOXIUE 

Sulphur trioxidc is formed by the direct union of gaseous sulphur 
dioxide with ozone (Brodie) : SSOit'f 0}»3S0}. It is prepared by 
passing a mixture of sulphur dioxide and oxygen over a catalyst such 
as heated platinised asbestos : 2802 + 02^2809- 
Sulphur dioxide and oxygen gases arc {>Asscd through sulphuric acid 
in a wash bottle to dry them and then over dry platinised asbestos 





Fio. 260.— Preperation of sulphur triozids. 

heated in a l»ard glass tube. Sulphur trioxidc is produced which con- 
denses to colourIrs.s crystals in a dry test-tube coole<l in a freezing 
mixture (Fig. 260.1 

A state of equilibrium is set up since the reaction is reversible ana 
excess of oxygen favours the production of the trioxide by mass action : 

iso,motno,]^K. 
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If the (0*1 concentration is incrcaacd. the [SO,] concentration must 

increase and maintain K constant. 

Other catalysts such as ferric oxide and vanadium pentoxjUc can be 
used instead of platinum, but the temperature must then be hiRhcr, and 
since the reaction 2S0, + 0,-2S0, is exothermic. Le Chatelicr s prin- 
ciple (p- 296) shows that the equilibrium yield of SO, must be smaller at 
higher temperatures. At lower temperatures the reaction is too slow. 

At 450°, 2 per cent of pure SO, is decomposed, at 700*. 40 per cent. In a 
mixture of SO, and air. obtainwl by burning p>'rite6, containing by volume 
7 per cent of SO,. 10-4 per cent of O,. and 82-6 per cent of N the 
of SO, oxidised to SO, in equilibrium are : at 434*, 99 ; at ooO , Ho ; at 
645*. 60. The change 2S0,.t-0, = 2S0,4. 45 k.cal.. does not proceed in 
presence of platinum at an appreciable rate below 400*. <m account of the 
slowness of reaction at lower tomperaturoa. The two conflicting offochs of 
temperature on the yield are balanced in practice by working at 400 -45^ . 
which is the eplimum temperature with platinum os a catalyst, and using 
excess of oxygsn in the form of air. 

Sulphur trioxide U produced by heating concentrated sulphuric acid 
with a large excess of phosphorus pentoxide : 

HjSO* + PA -SO, + 2HPO,. 

or most conveniently on the small scale by distilling fuming sulphuric 
acid in a retort and collecting the sulphur trioxide in a perfectly dry 
receiver cooled in a fretting mixture : 

HA07^H,S04 + S0,- 

Sulphur trloxid© was first made in this way by Bernhardt in 1765. 

Sodium hydrogen sulphate at 300^ forms sodium disulpliate and 
this evolves sulphur trioxide at a bright-red heat : 

2NaHS04 - Na,S,07 + H,0 ; Na,S,0, - NihSO, + SO,. 

Sulphur trioxide is evolved on heating ferric sulphate : 

Fe,(S04), - Fe A + 3SO,. 

or dry ferrous sulphate : 

2FeS04 - Pe,0, + SO, +SO,. 

Sulphur trioxids exists in more than one modification. The liquid, b. pt. 
44-62*, first formed in the cooled tube solidifies on cooling to transparent 
crystals, m. pi. 16-85*, sp. gr. 1-9255 at 20*, called a -SO, ; these on standing 
(at least in presence of a trace of moisture) soon form silky asbestos-llke 
crystals of fi-SO,. and there may be two forms of this, m. pta. 32-5* and 62 -2*. 
At 60* ^-SO, slowly changes into a-SO,. 

The vapour density of sulphur trioxide corresponds with the formula 
SO,. When passed through a red-hot tube the vapour is decomposed, 
giving 2 vols. of SO, and 1 vol. of 0, which do not recombine on cooling 
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in the absence of a catalyst : 280, * 2 SO 2 + Oj. In this way the com- 
|)csition and formula may be found. The solid absorbs moisture from 
tlie air uitli avidity, giving off dense white fumes of droplets of sul* 
phuHc acid : H«0 + 80, It dissolves in water with a loud 

hissing noise and great evolution uf heat, but dissolves readily and 
quietly in concentrated sulphuric acid : the fuming sulphuric acid so 
obtained solidifies on cooling to colourless cr^'stals of disulpburie scid 
m. pt. 35^. Sulphur trioxide reacts violently with baryta, the 
mass becoming incandescent r SO, + BaO * BaSO,. 

The contact process. — Sulphuric acid and fuming sulphuric acid are 
made by the so«called " contact ** process, in which sulphur dioxide and 
oxygen (in the form of air) combine to form sulphur trioxide in presence 
of a catalyst. The apparatus is very compact as compared with the 
lead chamber plant. When platinum is used as a catalyst the gases 
must be carefully purihed. since otherwise the platinum loses iU 
activity or is " poisoned Arsenious oxide, sulphuric acid fog, and 
dust in the gases from pyrites burners are removed by introducing 
steam and cooling, then filtering the gas through coke W'Ctted with con* 
cent rated sul|>buric acid until no fog is seen in a powerful beam of light 
(*' optically clear gas). 

In the fis4is«be pro«stt the ))urif]cd gas is passed through an iron 
converter (Fig. 201) with vertical iron tubes packed with platinised 



so. 


(+mtiefea> 

>'lo. 261. — I3adisch+ 
converter. 



Fifl. 262.— S«hrO»lw* 
Gnllo convsrUr. 


asbestos. Twice the theoretical amount of oxygen (in the form of atf) 
is present in the gas, which is prc-hcatcd to 

letting iMirt of the incoming gas sweep over the ouUide of the hot tub^ 
in winch reaction occurs no external heating is needed, since hca 
evolved and (he process goes on continuously. In modem pJantt 
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prep»ration of vanadium pentoxide supported on silica granul^. nr 
platinised silica gel. are used as catalysU ; they are immune to arsenic 
poisoning. 

In the Scbi8der-QnUo process the catalyst is preparcl by inoisteiiins 
Epsom salt MgS0..7H.0 with a solution of platinum cl.lon.lo ami hcatinK 
in presence of sulphur dioxide. The salt loses water an.l swells up to a 
voluminous contact mass on which the platinum is very linoly divi. oil. 
Tills is put on shelves In iron converters, lagged outsiiie (hig. 2il2l. and uhon 

the process is started it goes on without extcmnl hooting. 

The H 4 nnh«jn proc«s utilised burnt pyrii« omJ a httio CiiO) as 

the eontacl mass. ThU u tillocl into a rectangular tx.wcr, the lower part <if 
which cummunicatea with four pyriloa bumew arranged m a + , to wltich 


air drie<i in a aulphiiric acid lower 
is supplied {Fig. 203). The hot 
gases peas directly to the iron 
oxide abaft, and on accotint nf tha 
higher temperature only about 60 
per cent of the SO, ia converted 
into SO,. The araenioua oxide in 
the burner gases Is kept back in 
the oxide of iron as ferric arsenate, 
and after the SO, has been ab« 
aorbed from the exit gas by suU 
pbitfic acid, the gas is filtered 
through scrubbers of coke soaked in concentnte<l aulpluinc acid, roiieotoa, 
and passed to a Tentelef! converter to Rnish the conversion. 

The TanleUff proesaa utilises a caulyst composed of asbestos " sponge* 
cloths *• which are platinised by being soaked in platinic chlorido solution 
and the latter re<luced by formaldehyde- Tliese are 9ui>orimposo<l in an 
iron frame. 3 ft, by 2 ft., interposed in the gas current. The tom|>eralure 
is 460*-500^. 

The sulphur trloxide cannot be absorbed from a converter gas by 
passing through water, as a dense fog of minute droplets of H|SO, is thus 
formed, which cannot be condensed. The gas is therefore passed into 
97-99 per cent sulphuric acid in iron towers ; the conccntrate<l iicUl 
rapidly absorbs the SO,, producing fuming sulphuric acid or oleum ; or if a 
regulated stream of water is admitlod. the 97-99 }>er cent acid is eon* 
tinuously Increased in quantity by the reaction SO, H,0 ^ H ,80, occurring 
in the liquid acid. 

With a vanadium pentoxide catal)*8t. the main part of the conversion is 
carried out at a higher temperature, but in the gas passing to the u])per 
part of the catalyst mass. w*here the temperature Is lower, the remaining 
sulphur dioxide is converted into trioxide. 

In some plants the sulpliur <lioxide is proiliiced by heating a mixture of 
native calcium sulphate, coal, and coal ash (contaitting silica aiul eUimioa) 
in a cement furnace, in which cement clinker is formed : 

2CaS0, •fC4- (.rSiO, + yAl,0,) » 2SO, + CO, ♦ (2CoO, xSiO,. yAl.O,). 

The gas is purihed and dried ; tlie presence of carbon dioxide <loes not 
interfere with the conversion of SO, into SO,. 



Flo. 263.— Mannheim rontai't process. 
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Fuming sulphuric acid i$ an oUy liquid, often coloured brown bv 
orgamc matter but colourless when pure, which emits thick white fumi 

in moist air. It may be kept in mild 
steel drums, but cracks cast iron (which 
resists the action of ordinary concentrated 
sulphuric acid). It is made with different 
contents of free SO^, i.e. SO, in excess of 
the amount required to form H,S 04 . The 
strongest product contains 60 per cent of 
free SO,, and emits very dense fumes, 
The hydrates HjO.SO, (ftiSO*. or mono- 
hydrate. m. pt. 10-49®) ; H,S 04 ,H ,0 or 
S0„2H,0 (m. pt. 8-62®) ; H,0.2S0, or 
H,S,0, (disu/pi auric acid, m. pt, 35®) ; 
H,S0^,2H,0 (m. pt. - 38 9®), and H^SO,. 
4H,0 (m. pt. - 20®) arc known. Acids 
C 0 T)Uining more than 60 and less than 
40 per cent of free SO, arc liquid at 
the ordinary temperature, the others are 
solid. Oleum may be added to ordinary sulphuric acid to increase iU 
concentration. 

The four hydrates of SO,, y'a. H,SO,.4H,0, H,SO,.2H,0, HiSO*. 
and H^SjO,, are shown as maxima on the freezing-point curve (Fig .264}, 
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SuLPHVRic Acid 

History.— Sulphuric aci<l or oil of vitriol was obtained by the alchemists 
by distilling green vitriol (ferrous sulphate) : 

2FeSO. ^ Fe,0, ♦ .SO, + SO,. 

In 1666 Le F4vro obtaine<l (he acid by burning sulphur in presence of 
moisture; Lemery in 1675 ma<le it by burning a mixture of sulphur 
and nitre over a dish of water tinder a glasa boll, and a small works using 
this proceea was establisliod in 1740 by Ward at Richmond. The acid 
obtained was called oil of vitriol per mmpaMam. Roebuck in 1746 in 
Birmingham, ami in 1749 at Proetonpans, replaced the fragile glass vessels 
by lea<I chambers 6 ft. w*ide. and these w-ero enlurgecl in later works, A 
continiioxis process in which the sulphur dioxide was produced fromaulphur 
in eepirato burners and admitted with nitrous fumes, air. and steam to the 
chambers w-ns introduced by Holkcr into the French works of Chaptal in 
1610. The tiee ofpyTites and the invention of the Gay*Lussac (1627) anct 
Olover < 1 H.59) towers led to the modem in<lust r>'. The chamber process has 
been con.si<lerably improver! an»l ie still very largely used for making 
ordinary (not fuming) siilplmric m*iil- 

Occurrencs. — Free sulphuric acid occurs in traces in rain water of 
towns where coal (containing sulphur compounds) is burnt, and in 
some rivers and springs which have been in contact with beds of pyrites . 

2FcS, • TO, + 2H,0 « 2 FeS 04 * 2 H,S 04 . 
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In combination as sulphates it forms common minerals, e.g. 

CaSOj.SHsO. BaSO*, and PbSO*. . 

Praparatioo.— Sulphuric acid is formed from sulphur trioxide anti 
water • SO. HgO Moist flowers of sulphur cxjioscd to air 

slowly oxidise to sulphuric acid. Sulphurous acid solution oxidises 
slowlj when exposed to air ; 2H^O, s 0,-2H-S0,. Oxidation .s 
more rapid when hvdropen peroxide is shaken m a jar of sulphur 
dioxide : SO, t H,0, - H,SO,. or when elilorinc water, bromine water 
or nitrous acid is added : 

^ H,0 4^ Cl, * H,SO* 4^ 2HCI 
SO, + 2HXO,-H,SO* + 2NO. 

The lead chamber process,— Sulphuric acid is manufactured by the 
lead chamber process. The reactions in the lead chamber occur be. 
tween sulphur dioxide, oxygen (air), steam (or water-spray). and 
oxides of nitrogen (“nitrous fumes”). Clement and Desormes m 1806 
discovered an intermediate compound in the rc.action. vis. aiiroMsulphurlc 
»eid (" chamber crystals ”). i t. sulphuric acid HO SO5 OH in which 
one H is replaced by the nitroso-group NO. siving HO-SO, O NO. It 
may bo formed and decomposed alternately in the chambers ; 

2SO, + (NO, + NO) + 0, + H,0 - 2S0,10H)-0N0 
2SO,(OH)-ONO +H,0 - 2H,SO. + NO, + NO. 

The nitrous gas or mixture NO, + NO therefore acts in a cyclic manner 
as a catalyst. 

A simpler explanation assumes that sulphurous acid • is oxidised to 
sulphuric acid by nitrogen dioxide, and the nitric oxide formeil U then 
reoxidised by atmospheric oxygen : 

H,SO,4.NO,-H,SO, + NO 
2N0 + 0,«2N0,. 

Lunee and Berl (1005) ossuincxl tlio format ion of a hypolhotical acid 
Ht8NO« (p. 561) : 

SO, + NO, + H,0 = H,SNO, 

4H,.SNO, 4. 0, s 4SO,{OH) O NO + 2H,0 
2H,SXO, + NO, * 2SO,(OH) 0 NO + NO + H,0 
2SO,(OH) 0 KO + H,0 * 2H,SO, + NO, 4- NO 

Raschig (1887) supposed that H,$NO, is formed by the a<’lion of nitrous 
acid : 

SO, + 2HNO, s H,SNO, + NO 
H,SNO, = H,SO* + NO. 


The lead chamber reactions may be illustrated by tlie following 
experiment. 

* Sulphur dioxido in absence of water ia not oxidised to sulphur thoxido by 
NO, but undergoes a different reaction; according to Michoclia (1874) and 
Maochot (1929) nitrosyl disulphate (N0),S,0, is formod. 
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A dry C-litre flask .4 (Fig. 2S5) is fitted with tubes as shown. Three of the 
tubes are eonnectod with wash-bottles contaming concentrated sulphuric 

acid. One of these b 
connected with a siphon 
of liquid SO,, one to a 
gas ‘ holder containii^ 
oxygen » the third to a 
gas • holder containing 
nitric oxide, and the 
fourth with a small flask 
B containing water 
which may be heated, 
and through which oxy* 
gen may be bubbled. A 
atream of dry oxygen is 
first passed through A. 
Nitric oxide is then 
passe<l in and foRus red 
higheroxidee of nitrogen. 
Sulphur dioxi<ie is then passed in at the same rate as the nitrio oxide and 
after a short time a current of oxygen is passed through the hot water in B 
to carry moisture into the globe. Colourless star<8ha|»sd crystals of nitroso* 
sulphuric acid form on the irtside of the globe and the colour of the gas 
becomes palor. The gas is swept out by a rapid current of oxygen 
and the water in is boiled. When the ateam comes in contact with 
the crystals they dissolve with effervescence, producing red oxides of 
nitrogen and fairly concentrated sulphuric runs down to the bottom of the 
flask. If inauflicient water is used in the first stage, a white powdery 
deposit is formcKl which gives purple drops in contact with stoam. 



Fro. 205.— Experiment illustrating the chamber 
procsss. 


On the large scale (Fig. 206) iron pyrites is burnt in brick furnaces 
called pyrites bursen. the grates of which are composed of separate 





Fio. 265 .— Sulphuric acid clismbcr j>lant (disgnunmstic). 


BQuare bars which can be turned on their longitudinal axes so as 
the burnt ore Into the ashpit.s. Tlie supply of air i?* carefully regulated 
bv sliding doors above and below the bed of p.\Titcs. liach furnace 
holds 3-5 tons of ore. and tlicy arc arranged in sets of 20-25. with a 
CO m m u n Icat ing 11 uc for each set of cha m bera. The dai ly charge for each 
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furnace is 750-1000 lb. of pyrites. P>Tites powder or '' »I>ent o.xicle •’ 
fo 450) is burnt in kilns consisting of iron cylinders lineil w_ilh • 

4h s slrks of shelves so arr.nge.1 that the ore is rake.l from shelf to 
shelf until the burnt ore is discharged at the bottom 
actuated bv a revolving air- or waUr-coolcd central shaft. .S u phur is 
burnt in large inclined rotating cylinders or other ly^ ofsiiecial 

The burner gas (7 per cent of SO,. 10 per cent of O,, H3 per cent of N,| 
to a duat-catchw contAininR baffle-walls, ami tlion through a 


passes 


hi 


niCr»-o««p in whidi pots containing sodium nitrate and sulphuric nc i 
are nlaccd. These supply the oxides of nitrogen to make up losses from 
the plant. About 3 parts of NaNO^ per 100 parts of sulphur burnt as 
pyrites are used. In modern plants, the oxides of nitrogen are su|>plu*<l 
by the oxidation of ammonia (p. 540). 

From the nitre-oven the hot gases at 300"-W)0* pa«H into the Olo«r 
tow«r. a squat lead tower 20 to 30 ft. high and 0 to H ft. tlmmcter liiusi 
with acid-resisting bricks and (lacked with Hmt.s tvsting on an arcli. 
Down this tower two at f earns of aeid paiw from tanks at the toj), one of 
acid (65 to 70 per cent HjSO,) from the lead chamUTs and tlie other of 
stronger acid (7H )>er cent HjSOd containing oxides of nifrogen (in the 

form of nitrososulphuric acid) from the Gay-Lussac tower. The functions 

of the Glover tower are : (a) to cool the burner gases to before 

they enter th e ch am bers ; (6) t o den It rat e t he aci<l fro m t h e ( r ay - Lu ssne 
tower by dilution with chamber aeki and heating, ami by reaction with 
sulphur dioxide : (e) to concentrate the chamlKT aci<l t<» aliout 7H per 
cent HsSO* for sale or for use in the Gay-Lussac tower, and at the same 
time provide part of the steam for the chamlicrs. Alnuit 25 |>cr cent of 
the total acid made is formed by reactions in the Glover tower. 

Prom the Glover tower the gases pass by a lead main to the set of thr^'C 
or more large Jssa chscabw#. oonslructcd of sheet lead weighing 6-8 lb. 
per sq. ft. The chambers are oblong or square in sha|>e ami clip into 
large lea<l trays with a seal of acid. They are sus|>endod from n uooden 
or iron frame by lead straps on the sides. All iointe in (he lead sheets 
arc autogenous! y welded by a hydrogen flame. Tlie capacity of each 
chamber is 25.0tX)-73.00(1 cu. ft. and they arc connected by wide lca<l 
pipes. Dr uni -shaped or polygonal (*‘ Mllls-Packanl ”) chambers some- 
times cooled by water flowing over tlie outside, or even packed t owners, 
are used in some modern plants, but adequate empty sjiacc Is necessary 
for the reoxidation of NO, w'hich is rather slow and hence towers are 
often combined with chambers. 

Steam or more usually a fine spray of liquid w*ater from several jets 
in the roof is blown into the chamlier. Sulphuric acid is produced in 
the form of a fog of small dro|>s which settle dow n as liquid chamber acid 
(65-70 per cent HySO^) on the floor of the chamber. 

The gases from the last chamber contain nitrogen, a little oxygon, 
most of the oxides of nltrc^en in circulation through tlie plant, and a 
trace of sulpliur dioxide. They pass to the Qsy-Lusssc tower, a lined 
lead tower to 60 ft. high and 8 to 15ft. diameter, packed witli linrd 
coke or pieces of flint and fed with cold Glover tower acid (78 per cent 
HjSO^). Its function is to recover the oxides of nitrogen in the exit 
gases from the chambers. These are absorbed pr^ucing ni/ro«,s I'ltrhl 
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containing nitrosoaulphuric acid equivalent to 1 to 2 per cent of N^O^, 
which is pumped to the Glover tower for denitration. The waste gas 
from the Gay-Lussac tower passes to a chimney or fan which maintains 
a draught through the whole system. In modem practice a high con* 
centration of oxides of nitrogen ('* circulating nitre ") with adequate 
absorption capacity in the Gay-Lussac towers is used, and the reaction 
proceeds rapidly but with greater wear of the lead chambers. The con- 
version of SOi to HfSOj reaches 98 per cent. 



CoDcentration of sujphtiric acid. — The acid from the Glover tower 
contains about 78 per cent of It is generally dark coloured 

from contact with organic matter and is called brown oil of vitriol ” 
(B.O.V.). It is sufficiently concentrated for some commercial purposes. 
€.g. for making superphosphate of lime or $a1tcake» but for others it must 
be further concentrated to form '* rectified oil of vitriol " (R.O.V.) con- 
taining 03 to 95 per cent of H^0|. 
This concentration was formerly 
carrried out by heating the acid 
in glass or platinum retorts, when 
vapours of weak acid come off sod 
more concentrated acid remains. 
The concentration is now carried 
out in special apparatus. 

A simple type is the cuesds proctfi. 
in which the acid is allowed to fiow 
down a series of silica or ferro •silicon 
dishca arranged one above the other 
with the H|>out of one discharging 
into il»e basin next lower, the whole 
restinif <in a kind of sUircaseof acid* 
f«*Lstinfi bricks. The acid is hosted 
by a flue below aod hot air sweeps 
ever its surfsro. From the last dish, 
which may bo of cast iron, the acid 
flows tu a cooler. 

In tl^o K««l«r apparatus the acid 
flows through a dish 5 of Volvic stone 
(a natural acid-rpaisting material of 
volcanic origin, found at Puy*<ie' 
Dome I covcre<l outside with load, 
thn>ugli which hot gas from a coke 
furnace |>a*wa (Fig. 207 h The dish 
has ridges 6 so as to bring tho acid ornl 
fire-gee into intimate conucl. TJie 
concentrated acid rurw off to a cooler, 
ha fumes pass thfougl* a tower /? containing a number of jdates with i^r- 
.rations with inverte.1 cujm. d<mT. which Iho ac.<l to bo 

•aled is fed. Much of the fume is hero conderwed. and the tempomt 


10 . 267 .— Kessler apporstus for con- 
centrodug sulphuric a< i<J. 
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kept at such a point that steam secapee but the sulphuric acid mmainn. 
The issuing fumes then pass through a lead box packed with ^dod coke 
drenched with concentrated sulphuric acid, which lakea out the line mist 
of acid droplets. In America, hot gases from a burning spray of petroleum 

ore bubbled through the acid. , 

The Oailkrd tower (Fig- 268) consiats of an empty tower of \olvir stone 
or acid-reeisting brick, from the top of which a fine spray of acid is <lis- 
charged. In passing down the tower this spray 
meets a current of hot gas from a coke furnace, 
which enters the tower at the side near the 
bottom- The acid fumes pass througli a smaller 
empty lead tower calle<l a recu|)erator, down 
which part of the acid to bo concentrated is 
•praye<l. and then to coke filters drenched with 
concentrated sulphuric acid. The concentrat«<l 
acid runs out to a cooler from a lea<l tray In 
which the tower stands. 

The acid fumee from concentrators may be con- 
densed by means of elect roaUtic precipitation. 

They are passed througli a chamber in which 
lea<l plaUe are hung, with lead cov«re<l bars 
hanging vertically between them. These are 
charged to a potential of 20,000 volts. The acid 
droplets are attracted to the platee and the Iktuid deposited on the latter 
tuns off to collecting tanks to be returned to the cuncciitratora. 



eUr. Crtf/MMdC* 
Kto. 248. — Csillar<l tower. 


More concentrated acid (97-08 per cent of H^O*) is made by heating 
03-95 per cent acid in pans by direct fire. The strongest acid docs not 
attack cast-iron, whilst 03-05 per cent acid dissolves it. Tlie acid is 
run in a thin stream on to the surface of a large bulk of 98 per cent acid 
boiling in a large cast-iron pot provided with a siphon neck opening 
into it near the bottom. The strong acid is run off continuously from 
this ** swan*neck as concentration proceeds. The acid may also bo 
brought to any desired strength by the addition of oleum (sulphuric 
acid containing free SO^). 

Most of the sulphuric acid is used (as chamber aci<l) for super- 
phosphate manufacture ; next important is the use of concentrated 
acid for petroleum refining. The rest is used for chemicals, refining coal 
products, in metallurgical processes, making artificial silk and ex- 
plosives (when fuming acid is often used), in storage batteries, etc. 
Some processes which formerly used sulphuric acid (c.g, making nitric 
and hydrochloric acids) are now often carried on without it. 

The puiiflcatioiL of sulphuric acid. — Commercial sulpliuric acid often 
contains arsenic trioxide Aa^O) in solution, derived from the arsenic in 
the pyrites. It is purified with hydrogen sulphide in lead towers or 
clos^ agitators, llie precipitate of arsenic sulphide As^S^ U filtered by 
suction through unglazed earthenware plates, or is removed by flotation ; 
a little paraffin added to the liquid floats to the surface and carries the 
precipitate with it- Acid made from sulphur (** brim.stone acid ”) is 
preferred for the preparation of foods and for lead accumulators (in 
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which acid free from iron salta is essential) » although punlied acid from 
pyrites U also used. 

Oxides of nitrogen may be remoyed by strongly heating with a srasU 
quantity of ammoniuin sulphate : 

N,Oj + (NHJ^O, - 2N, + H^O* + 3H,0. 

The commercial acid usually contains lead sulphate, most of which U 
dc{)osited on dilution with water. 


Properties of sulphuric acid. — Pure sulphuric acid (memohydraU) is 
prepared by adding the requisite amount of SO, to 08 per cent acid. It 
is an oily liquid which fumes slightly in air, from dissociation in the 
liquid : 

HjS 04 ?iS 0 , + H,0. 


This dissociation increases on heating and the vapour is richer in SO, 
than the liquid. It is therefore impossible to obtain the pure acid by 
tlie ordinary concentration process. On boiling, an acid of constant 
composition (98*3 per cent KyS 04 ) comes over at a temperature of 338^, 
which is usually given as the boiling polpt of sulphuric acid. The 05 
per cent acid boils at 295^. The ordinary acid (98 per cent H}S 04 ) is a 
colourless oily liquid of density 1*84, which does not fume. 

Concentrated sulphuric acid is very corrosive and has a strong 
affinity for water : when mixed with >vatcr much heat is given out and 
the liquid may boil ; the acid should always be added to the water in a 
thin stream with stirring, never the water to the acid. The diluted acid 
occupies a smaller volume than iU constituents and the contraction is 
a maximum for H^O| + 2 H 5 O. If the acid is mixed with snow, cold 
is produced, as the latent heat of fusion of ice exceeds the evolution of 
heat on mixing the acid with liquid water. 


The large evolution of heat an«l the contraction on mixing sulphuric scid 
and water point to a chemical change and many properties* show maximurn 
or minimum values ot af^roximouly whole moleculnr ratios of acid and 
water. This has been Uken to imply dofinite hydrutea in the liquid state, 
but the muxima and minima occurat <liffcrent values for different properties : 
contraction (maximum, H,S04.2H,0). viscosity (max. H,80„H,0 and 
H S,0, • min. 3H,S04,H,0), surface tension (max- H,S0,.3H,0>. com* 
nAssihilitv (min. index of refraction (max. and 

H S04,2H,0h oleclrical conductivity (max. H,S04.H|0). end heat 01 
solution (max- HfS04,2H,0l- 


The density of purr sulphuric acid at 15® is 1*8384. those of mixture 
of the acid and water at 15® and of fuming sulphuric acid {" oleum ) 
containing free sulphur Irio-vWe arc given in the Ubie- The 07*7 per 
cent add has a maximum density of 1-8414. and the density of oleum 
is a maximum for 60 |Krr cent of free 80,. 
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Concentrated sulphuric acid chars organic matter, removing the 
elements of water and leaving black carbon. 

To strong sugar lyrup in a beaker at ambits in a stone ware trough atUl 
c onconl rated sul pi lu ric acid and at ir . The m i x in ro lie< < *i n« t lark ami frot I is 
to a black mass of carbon, steam and stilphur dio\i<lc l»eing evolved. 


The vapour density of sulphuric acid at 444* corresponds with almost 
complete dissociation : H,S04 ^ SOj-f HjO. but the products rccorn. 
bine on cooling. When the acid is heattsl in an ojwn flask the steam 
diffuses more rapidly and the liquid is enriched in (Wanklyn and 
Robinson. 1803). If the acid va|»our is |)a»scd through a strongly 
heated platinum or quartz tube it decomposes into oxygen, sulphur 
dioxide and steam, which do not recombine on cooling : 2H5SO4- 
2SO, + Oj + 2HjO. This also occurs if the acid U dropjicd into a red- 
hot platinum flask. 

Sulphuric acid ionises in two stages, (he flrst nearly complete but the 
second appreciable only at high dilution : 

(1) HtS04?oH +HSO4' ; (2) HSO/ +SO4". 

Tlic acid and normal sulphates are MH8O4 and M,S04 (M univalent), 
but disulpiiatcs and more complex sulphates, formed from 

normal sulphates and sulphur Irioxidc, MjS04,a^O), arc knouii. 
Many normal sulphates occur as minerals : gypsum CaS04,2H20, 
anhydrite CaS04, eelestine SrS04. barytes BaS04, glauberite CnS04, 
Na2S04, and kieserite MgS04,H20 arc some examples. Many sulpliatcs 
are soluble and crystalline, but calcium, strontium and lead sulplmtes 
arc sparingly soluble, and barium sulphate is almost insoluble in water 
and dilute acids. 

Sulphuric acid is only very slowly reduced by hydrogen in the cold 
(not appreciably at 0^) but more rapidly on heating : HgS04 + H2» 
SOj + 2(120. Carbon, sulphur, and phosphorus reduce the hot acid ; 


2P + 3HjS04 -SHjPO, + aSOj. 
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Many motals (Mg, Zn, Fe, etc.) dissolve in ditute sulpliuric acid with 
evolution of Itydrogen. Sodium, poiaasium and magnesium liberate 
hydrogen from the cold conctntrated acid. Most metals dissolve in the 
hot concentrated aci<l with evolution of sulphur dioxide. Iron gives 
hydrogen and sulphur dioxide but the action soon stops ; zinc gives 
sulphur dioxide witli concentrated acid, but a mixture of 4 vols. of 
cone, acid and 1 vol. of water gives hydrogen sulphide and a Ijttle 
sulphur : iZn -4ZnS04 + 4H2O ; lead is attacked by 

hot very concentrated acid (pure lead is more resistant), and tin and 
antimony arc dissolved. 

The reduction to sulphur dioxide by metals has been represented by 
two sets of equations, in which M is a bivalent metal : 


(1) HjSO^-fM-MSO^ + Kj 
H2S0^ + H2-2H,0 + S0t, 

(2) HJSO4+M-MO + SO2 + H2O 

HjSO^ + MO - MSO4 + H|0- 

Alkali metal (except ammonium), lead and magnesium sulphates are 
stable on heating, except at very high temperatures ; zinc, copper and 
iron sulphates at high temperatures evolve 80}, SOj and oxygen ; 
calcium sulphate is decompoWd at a high temperature, strontium and 
barium sulphates are stable. Most sulphates are reduced to sulphides 
by heating in a current of hydrogen or with carbon : 

K,S04 -f 4H, • KjS + 4H}0 
Na,S 04 + 2C -Na,S + 2C0, 

BaS04 4'4C«BaS-i-4C0. 

On Ijeating in hydrogen silver sulphate is reduced to the metal : 

AgjSO* + 2 H 2 - 2Ag + 80} + 2H,0, 
aluminium and chromium sulphates form the oxides : 

AySO*), + 3H} - AljO} + 3S0, +3H,0, 

Many sulphates are decomposed when heated in a current of hydrogen 
chloride : 

CUSO 4 ^ 2HC1 -Cua, + H 2 SO 4 

Constitution of sulphuric acid. — The electronic formula of sulphur 
triox idc may be written by adding an atom of oxygen to the lone pair 
of electrons on the sulphur in the dioxide (p. 406) : 


xxvxo PROPERTIES OF SULPHURIC ACID 

Rxilphuric acid and the aulp»iata ion are represcnte^i as : 

r.- 

O- H-0, ,0 

H ® 0 i s ’ o ? H : o : s . o : 

. . •• H— O 

: 0 : 


>< 


tO: 
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blit as tho sulphate ion tnay be supposed fi)rme<l from i»ie eulpUur irin 
: 8 : ^ * iionating four electron pain* to four neutral oxygen atonw. ami *w 
there is no reel difference between the two kinds of covalent links, it con hi 


equally well be uTitten | ^ 




The bond UiaiAncca. 


» — — 1 ( I 

however, show a considerable amount of double bond character in the hnks, 
so that (he old formula : 

O 






with the double bonds resonating among llie oxygen atoms, making thoin 
equivalent, and with bonds supposed to have partial ionic charactor. is 
more satisfactory. The conventional formulae with coordinate links 
should be use<l on this understanding. 


The ehlondes of sulphuric acid. — By the action of phosphorus pcntn- 
chloride on concentrated sulphuric acid SOt(OH),, the two fjydroxyl 
groups can bo successively replaced by chlorine, forming sbisrciulpbcDle 
tsi4 SO,(OH)CI, and sulpburrl cUeriSs SO, Cl,. The react ioti is a general 
one with oxyacids» the acid chloride, phosphorus oxychloride and 
hydrogen chloride being formed : 

so,{OH),+Pci,*so,iOHici+ poa, +Ha 

b.p, iSr u p. J07 3* 

so,(OH)a + PCI, - so, Cl, + poci, + hci. 

e.p.esr 

The boiling points show that the products can be separated by fractional 
distillation, Since excess of phosphorus pentachloride gives sulpliuryl 
chloride, chlorosu) phonic acid may be prepared with phosphorus oxy- 
chloride, which does not act further on it ; 

2S0,(0H), + POCl, - 2S0,(0H)a + HPO, +Ha. 


Chlorosulphoaic acid ^Williamson, 18$5) is formed by direct combination 
of sulphur trioxide and hydrogen chloride: SO) 4 HCI s HClSOj. and is 
made on the large scale by passing dry h}*drogeD chloride into fuming 
sulphuric acid (containing SOa) and distilling. It is a colourless fuming 
liquid, sp. gr. b76$ at 20*. which is hydrolysed by water with dangerous 
violence : 


SOdOH)Cl + H,0 = SOa(OH)t + HCl. 



INORGANIC CHEMISTRY 


m 


(CBAP 


lus vapoiir at 170^-180* is dacompoaed into sulphuryl chloride and sul* 
phiiric acid : 2SO)HClsSO«CJ) + H«SO|. and at higher temperatures lato 
chlorine, sulphur dioxide and steam. It reacts violent I v with silver nitrate, 
fonning nitrososulphuric acid : 


2S0,(0H)CI + 2AfNO,= 2Aga + 2SO,(OH)O-NO + 0,. 


A sodium salt is Tormefl by the action of sodium chloride on the acid : 


bOdOH )C1 + NaCl = SO,(ONa)Cl + HCl. 


Sulphuryl chloride (Regnault, 1S3S) is formed by direct combination 
of sulphur dioxide and chlorine in sunlight or in presence of catalysts 
sucli as charcoal, cantphor. or acetic anhydride : SO^ + Ct^ ^SOsCl). It 
is formed by heating chlorosulphonic acid in a sealed tube at 1 80^, or 
with a little mercuric sulphate, antimony, or tin as a catalyst, in a flask 
at 70^ under a reflux condenser : 2SO3HCI -SOsCl| It is a 

colourless fuming liquid, ap.gr. 1*667 at 20^ b. pt.C9'l* without decom* 
position ; tlie va|>our is much dissociated at 330^ : SO^Cls ^ + 01. 

The liquid is rather slowly hydrolysed by water: S0jClj + 2H|0» 
S0{(0H)« •*- 2HCI, and chlorosulphonic acid is formed as an inter* 
mediate stage : SOsCI^ + H,0 - SO^lOHlCI + HCl. 

With ice* cold water it forms a crystalline hydrate SOsClsildH^O. A 
solution of sulphuryl chloride in petrol is used to make wool unshrink- 
able : it breaks some linkages in the spiral fibre molecules. 


The chloride of dUulphuric acid, disulpburyl chloride (or 
chtoridei *S|0»CI, is obuinwl by the action of sulphur trioxid© on thienyl 
chloride or preferably on sulphur chloride (Hose. 1838) : 

SOC1, 2so,« s,o,a, -f so, 

6S0, s,ci, » 6 SO, -f s,o«cn,. 


It is formed by the action of sulphur Irioxicle or chlorosulphonic acid on 
phosphorus pentachloride : 

2SO, + PCI, = poc I, + s,o,a, 

2SO,<OH)CI + PCI, = POCI, + 2Ha 5,0,0,. 
and by dropping fuming sulphuric acitl into hot carbon tetrachloride i 


3CC1, + 2H,S0, » 3C0CI, -h 5,0,0, + 4HCI. 

It is a heavy mobile liquid, ap. gr. l•844/l8^ boiling at 57 W 
150' 7^/730 mm., giving a nearly normal vapour density, although eom 
decomposition into sulphur dioxide, sulphur trioxide and chlorine occursj 
S O Cl s: SO, + SO, ♦Cl,. It fotnos only slightly and is decomposed only 
slowly by water ; S,0,CI, ♦ 3H,0 2H,S0, * 2HCI. 

The convriitional formulae of the chlorides of sulphuric ond disul- 
phuric acids follow from those of the acids (see p. 4S3) : 

H-0^ ,0 Cl^ .0 O / O , .0 

Cl^O Cl^-o 0^\C1 CK^O 
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Fluwulphewc Acid SO,(OH)F u formeil by dUtillinE fluorsjmr with fuming 
siilphuhc acul in nn iron rat.>n : SO, + HF = SO,K>H)F. U is a rolourlcsa 
mobile luiuiil, b.pt. Ui;2'0^ tI»o vapour licmE rtiible at l lio ‘f 

incomplotely hv<ln)l.vseH by water: SO,lOH)F i- 11,0 ^ sO,(OHi,+ HI. 
and very stable salts are fonno<l from sulphur trioxido ami alkali lluofidcs t 
SO,-vNaF = SOdONu)F. 

Sulphoryl fluoride SO,F, is formc-l by |»assinE henttxJ iiitormo into ox^^thh 
of sulphxir dioxkle: SO, -*• F, - SO,F„ or mar© conveniently by hMmu 
barium fluosulpUonate : Ra|SO,F'),= lUSO, 4 .SO,F,. It is a colourlciis 
stable inert gcw. b.pt. - 52^ m.pl. - 120 . siwririEly soluble in wnlor- It w 
dec*omi)osod by swiium only at u high tom|»eraiuro. but is dcc<jmiKis©d by 

alkali solution : + 4NuOH - Xft^SO* + 2NaF 4 2H,0. 

Sulpbamide and sulphimidc.— The art km of ammonia rox on a solution 
of gulp bury I chloride in dry beuoene forms tuif>fia mule SO,(NH,), (Hog* 
nault, 183») : SO,CI, 4 4NH, = SOdXH,), 4 2XH/n. 

It is puridoil by decomposing the silver compound SO,<NHAgJ, with hydro* 
chloric acid and fun ns large colourlees cr>*etalH. 

SutphimitU is po|yinerise<l. (SO,=sNHl, j it is funntxl by heating sulpln 
amide at IdU* till aimnonia Is no longer evolved (Traube. I8d3) : 

3bO,(KH,|,»(SO, -KH), + 3NHv 

It Is purilie<l by decom{>osing the silver compound (SO,»NAg), with 
hydrochloric acid, and forms colourlces crystals. It probably boa a ring 


structure : 


,SO,-NH. 

NH<r >so, 

^SO,— NH^ 


or 


.SO(OH)-N^ 

Nr JSOCOH). 

\SO(OH)-ttN/ 


Higher oxides of sulphur.— By the action of o silent discharge on a mix* 
turo of sulphur <lioxide an<l oxygen llertlielot 41678) found a contraction, 
anil a viscous liquid separated on the walls of the usonisor, solUlifying at 
0^ to long prismatic cr>'stals, the analjais of winch gave the formula S,0,, 
pcrndpAuric anfiipiri^e. Tliese gave an oxidising solution of porsulphuric 
acid with water. Meyer. Bailleul and Henkel (1322) and Maisin 4 l 028 | 
found that the prokmged action of the discharge gave S0,.2S0,. and 
Schwarx and Ac hen bach <1934) reported that w*ith a glow <iisc]iarge at low 
pressure and cooling tlie gas w'ith liquiii air. white solid sulphur Mrexuie 
SO, sejiarated. melting at 0* to oily drops of SiO,. 


Persulphimc acids. — Faraday (1834) when electrolysing a concen- 
trated solution of sulphuric acid noticed a remarkable disappearance 
of oxygen.” He thought this was duo to the formation of hydrogen 
peroxide, but tliis was not found by Brodic (1864). who suggested that 
persulpliuric acid HjSOt is formed. Marshall (18D0) found that on 
electrolysis of concentrated potassium b)’drogen sulphate solution 

crystals of the composition KSO 4 separate at the anode. 

\ 

Bredig (1893) from Ostwald’s conductivity rule <p. 300) shou-©d that th© 
formula is K,SaO, and hence persulphuric acid is dibasic, and Moeller (1693) 
calculated vaa’t Hofi'a factor i (p. 253) from the freezing points of potassium 
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persulphate solutions end showeci that the dejsreo of dissociation a = (> • ])/ 
tw - I) aprces with the conduct ivi tv value a = A/A* when na3 (K,S,0,= 
2K+S,0,"). 


In Marshall's experiment the HSO,' ions discharged at the anode 
form persulphuric acid : and sparingly soluble potas* 

sium jicrsiilphatc cr>*stallises : H2S20« -f 2KHSO4 » KjSjO, 2H«S0v 
Another explanation is that the HSO^' ions are oxidised by nascent 
oxygon at the anode : 2HSO4' + H.O + 0 » HySaOj + 20 H'- 


Persiilphuric acid is forme<l by the electrolysis of oO per cent sulphuric 
acid witli an anode of platututn wire 8urrounde<l by h »tlass tube to eeree 

os a <IUiphragni. The cathode is a spiral 
of copper wire oulsi<le the diaphragm (Fig. 
2t»9}. Tlie apiviratiis is immoreed in ice. 
The a<hliticak of a little hy<trochloric acid 
promoica the reaction. If a«\txiratefl potas* 
aiiitn }k)’dr()gen Hiilpliate solution U useil 
eryxtaU of potassium |)ersulphate ee|>arate. 
The solution In ooch ex[>eriment gives 
a brown colour with potiuMium iodide: 
.S,0,'' + 2r = 2S0*" + I,. 

Ammonium perstilphate 
U much more soluble than the ]>otassium 
salt and is made commercially by elcc* 
trolysis of a solution of ammonium sul* 
phate in sulphuric acid. 

Potassium persulphate decomjwses on heating : 2K,S20| ■ 2KsS04 * 
2S0j + 0,, and the solution evolves ozonised oxygen slowly in the cold 
and rapidly on heating : s- 2H,0 « 4KHSO4 + 0,. 

Persulphates arc {lowcrful oxidising agents, libofoting iodine from 
potiissium iodide, oxidising ferrous to ferric salts: 2Fe'* -f '* 
2Ke"‘ •h2S04", and converting chromic salts to dichromatea and man* 
gamius salts to permanganates by boiling in presence of silver nitrate 
as a catalyst. In presence of alkali, manganous, cobalt, nickel and lead 
sal t s form h ig her ox idc.s : Mn ( 0 H I, * K » M nOj + 2 K H S0| . Potas* 

sium (but not ammonium) |)er»«lphato precipitates black argentic 
oxide Ag^*0 from silver nitrate solution : 

KjSjO, + 2AgX0, ^ 2H2O - 2AgO - 2KHS0* ^ 2HN0,, 



Fio. 260 .-^Prcparation of 
f>crsulphurii: acnJ. 


Many metals dissolve in ixrsulphatc solutions ; Zn KjSjOj ■ ZnSOi + 

K^O,. . ^ . , • „ ” 

Ammonium jxTsulpliate is used for bleaching and for reducing 
the intensity of photographic negatives. Barium persulphate BaSjOi 
is very soluble {separation from sulphuric acid) ; on boiling the solution 
deposits barium sulphate. 


PEBSULPHURIC ACIDS ■»«' 

A solution of ptfmooosuJpliiiric »eid, HjSOj, which is a powerful 
oxidisine agent, was obtained by Caro (ISttS) by grinding potn-^.u-n 
persulphate with concentrated sulpliuric acid, allowing to stand for an 
hour, and pouring on Ice i 

HySjO* + HjO * H^SO* + HjSOj. 

Ii oxidises aniline to nitrosobenzene and nitrobenzene. Bacycr and 
Villifler ( 1 DO I) separated free suipbuhe acid from the solution by shaking 
with barium phosphate : Ba,(PO.), r 311.^0, -SBaSO. ^ 2H,l>0„ an.l 
differentiated Marshall's acid Caro'* acid and hydro- 

gen peroxide by the reactions : 

1 Caro's acid instantly liUTates iodine from icxlides. 

2. Marshall's acid only slowly liberates iotline from iodides. 

3, Hydrogen peroxklc at oneo rc<liices (wtassium permanganate, 

whicli Is not changed by |»ersulphuric acids. 

In tho solution of Car»)*s rtci<l the ratio SO, ; pcroxi«lo O wos foumi to bo 
I • I hence tho formula is SO, + O + 11,0 or pcnnonosulphunc nad. 

This was prepared nearly pure by Alirle (19001 by the action of sulphur 
tnoxUle on very eoncontrotetl hydrogen pcroxkle : SO, H,0, - 
The reaction with concentroietl sulphuric nvkl is reversible: H,SO, i 
H,0, e* H,SO, 4- H,0. D’Ans ami Frie<lrkh (1010) i)fe|>Qro<i pure iwr- 
monosulphuric acid and psrtiiulphuric Mid Kp<,0, by the action of anhydrous 
hydrogen peroxide on chloroeul])honic ackl : 

HO SOj-Cl + HO OH : KO SO, 0 OH + HC\ 

HO SO,'CJ + HO O SO, OH » HO-SO, O O SO, OH + HQ. 

These reactions give the conventional structural fortnuloo: 


X 


O— OH 
OH 


and 



^OH HO 


The S,0«" ion consists of two tctrahedrul SO, grouj>s ]uino<l by on oblique 
covalent bond (Zachariosen and Mooney. 1934). 

Formonosulphuric ackl Is cr>*stallmc. melts at 45*. an<t is stable for some 
days. Perdksulphuric acid forms cr>*stals stablo up to 60”. but in solution 
slowly passes into pcrmonosuJphuric acid and sulphuric acid: H|0 + 
H,S,0, = HjS0* + H,S0,- 

Xo solid salts of H,SO, are known, but a solution of KH.SO, is said to be 
forme<i by the action of H,0, on KCISO, (p. 484) : tlte acid should bo 
monobasic. 


Thiosulpburic acid. — Free thiosulphuric acid ia not knoi^Ti. 

except possibly in solution, as it rapidly decomposes with separation of 
sulphur: but by boiling sulphur with an alkali 

sulphite solution this reaction is reversed and a solution of thiosulphate 
formed: Na^SOs-rSaNajS^Os. The sodium salt, discovered by 
Chausaier in 1799, forms large monoclinic crystals Na^fO^.SHgO, 
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commonly called *’ S4xlium hyposulphite '' or " hypo “ and used in 
pliotDjiraphy and as an nntichlor. I'he stability in solution is increased 
by usiii^ boiled sterilised waler, and adding acid sulphite (Na^SjOs). 
or in volumetric solutions 0-2 gm. of NojCOj per lit. 

Pure so<lium tiuosulphate, and especially potassium thiosulphate 
KjSjOj, IH.O* are bc»t prepared by the interaction of alkali hydrogen 
sulphides arid hydrogen sulphites in solution, and cr^-stal Using : 
2KHS + 4KHS05»3KaS50, + 3H,0. 

Thiosulphuric acid may be regarticd (Odling, 1855) as sulphuric acid 
in which a hydroxyl group OH is replaced by a sulphydryl group SH, 
s it. HS'SO, OH (the acid HS SO,*SH is unknown). Spring showed that 
scKlium thiosulphate solution is reduced by sodium amalgam to sulphite 
and sulphide: NaO'SO.'SN’a + 2Na»NaOSOt*Na + Na 3 S, and Bunte 
(1874) that ethyl sodium thiosulphate (formed by the action of ethyl 
bromide on a eoncentrated solution of sodium thiosulphate r Na^S^O, -f 
CjHjBr-CjHjNaSjOj + NaBr), on wanning with concentrated hydro, 
chloric acid, forms mercaptan CjHjSH, in which the ethyl group is 
known to be attached to sulphur : 

KaO SOj SC,Hs * HOH - NaO SO* OH .r C.HjSH. 

Thiosulphates and sulphides are formwl by the action of alkalis on 
sulphur, anti the reaction may be/ormoWy represented as a hydrolysis 
in which an intermediate oxide SO is formed (cf. p. 274) : 


2S + 20H'«S0+S" + H«0 
2SO + 20 H'-S 30 ," + H,0 
/. 4S +COH' » 2S" + SjO/' + 3H*0. 

Witli excess of sulphur, yellow solutions containing pdfjsulpkide^ are 
formed : H" + nS-S,*/' : these also result from the o.xidation of sul- 
phide solutions by atnios|»hpric ox>'gcn, sulphur being also ]>reeipitatcd 
in the case of ammonium and alkaline earth sulphides: 2S •^0J•^ 
‘>Hj0-28 - 40H‘, and S" + ; with excess of oxygen thio- 

sulphate and sulphate are formed. The actual reactions are hence 

ratlier complex : ^ nrs /\ 

4S + ONaOH - 2Na,S -i- Na,S,Oa 4^ 3Hj0 

12S + 3Ca(0H)5 - 2CaS4 4-CaSA + 3^*0 

12CaS + UH,0 + GOj *9Ca(OH)5 + CaSjOj +2CaS5 

2CaSs + 30j - 2CaSjO, + 

Thiosulphate is fonnod on parsing sulphur dioxide into sulphide solutions: 

2Na^ + 380, = 2Xa,S,0, + S, 

or sulplmr dioxide or oxygen over l.eated ei.Iphide* or hydrosolphidee t 

2NaHS 20, = Na,S,0, ^ H,0. 
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On fusing sulphur with alkalis or alkali carbonalas. a dark brown mass 
{livtr of sulphur) is formed. The first reactions are probably : 

4S 4 2K^ + K^,0, + 3C0, 

but much of the thiosuljdiate is decomposed at a higher tcmjjcrature ; 

4KA0»=3K,S04 + K^*. 
so that the final reaction U approximately 

I US + 12K,CO, * -f K,S, + 3K,SO* + 12CO^ 

Sodium thiosulphate crystals raelt at 48* and lose water at 215 : 
above 223* Na,S,Oj decomposes into sulphate and pentasulphido : 
4 Na^, 0 a- 3 Ka,S 04 -f NaA‘ At higher temperatures the Na.Sj loses 
some sulphur ; Na^t ^ + 8 (K^S^ is stable). 

Most thiosulphates, except those of alkali mcUls, arc sparingly 
soluble but dissolve in alkali thiosulphate solutions to form complex 
anions. Sodium thiosulphate solution also dissolves silver halwles 
(AgCl,AgBr,AgI) forming a complex ion AgCSjO,).'" 


■VN<°X° 

|(X ^0 


1°^ 

which has a sweet taste. TIuosulpfiate solution is used as a " 5xing " 
agent in photography, as it dissolves unaltered silver halides (p. 743). 
The free acid H{Ag(S, 05 )],H ,0 is precipitated by concentrated nitric 
acid from a solution of Ka{Ag(SsO,)| in ammonia (Baines, 1929). 

\Vhite precipitates of thiosulphates of silver, lead and mercury soon 
blacken from ^rmation of sulphides : 

SO,(OAg)(SAg) + H,0 -SO,(OH), + Ag-S. 


Tlie yellow cuprous salt Na«[Cu,(S,0»h).6Ha0. w'hich er>‘staUis» from 
solutions of a cupric salt and s^iuen thiosulphate, decomposes on boiling 
to copper sulphides and sulphur. C^prie thiosulphate, how^ever, exists as a 
coordination compound with ethylenediemina (Cu en,)S|0». 

Thiosulphates are oxidised by chlorine and bromine water, and sul- 
phur is precipitated (sodium thiosulphate U used as an antichlor to 
remove excess of chlorine from bleached fabrics) : 

Na^jO, +a. 4 H,0 -Na^O* +S + 2HCI, 
but with a large excess of halogen the sulphur is slowly oxidised to 
sulphuric add : 

Na^jO, + idt + 5H.0 - 2Naa + 2HjS04 + OHCl, 
some trithionate and tetrathionate being also formed. Iodine reacts 
differently, giving a ^uanfitetire yield of tetrathionate : 

2Na^jO, + I,*2NaI + Na^^O,. 


I 
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Potassium permanganate in neuirai solution forms sulphate : 

NajSjO, + 2KMnO^ -Na^O* ^K 5 S 04 + Mn,Oj, 

but in acid solution some dithionate Na^«Og is also formed. 

Hyposulphuious acid.— This acki must not be confused witli 

tlxiostilphuric acid (formerly called h>'p 08 ulphurou 8 acid) ; it is some- 
times called hydrcaulphurousacid and the namedrVAfonow acid has been 
proposfMl. 

On parsing sulphur dioxide into a suspension of zinc dust in absolute 
alcohol tlie metal dissolves and a solution of zinc hj-posulphite is 
formed : 2n + 2 S 0 ,* 2 nS, 04 . The filtered solution at once bleaches 
indigo solution and is a powerful reducing agent- The sodium salt is 
formed by the action of sulphur dioxide diluted with hydrogen (the 
pure gas causes e.xplosion) on sodium hydride (Moissan, 1902) : 2NaH + 
2 S 0 ,-NaMSO 4 + H,. but is usually prepared by redueing an acid 
sulphite with zinc : 2NaHS0j + SO* + Zn - Xa^*0| ♦ ZnSOj + 

Zinc cliwt is acUled lo a cooled concentratwl solution of NaHSO, in a 
corked flask and sulphur dioxide passed in- Milk of lime U edded to pre- 
cipitate the zinc sulphite : ZnSO, + Ca(OH)| « Zn<OH)a + t’aSO,. and Ihe 
liltrate is saturated with sodium chloride. The thin glassy of 

Ne,S,0„2H,0 which separate oxklise raphlly to sulphite in oir j (hey are 
washed with aqueous and then anhydrous acetone aiul <lriod in a <ie*iccatof 
over concentrated sulphuric acid, wlien a xthite powder of Na^SOt remains. 

The pro<luct contains 90 per cent of Na,S,0, anti some NaCI. It is 
fairly stable in air. In solution the hyj>o#ilphite decom|>osoa te disul- 
plute and thiosulphate : 2Xa|b,0* » Ka,S,Ot-i* NajS,Oj. 

Sodium hyposulphite was prepared In IS69 by Schutsenberger, who 
formulated it as NaHSO,. The correct formula was established by 
Bcrntliscn (18S1), who showed that for every two atoms of -sulphur, one 
of oxygen is required to form a sulphite (by ammoniacal copper suI- 
phate) and thru atoms to form a sulphate (by a solution of iodine). 
These ^ults agree with the formula S,0, for the anhytlridc (HjO.SA). 
but not with SO (H^O,-H.O.SO) : 

s,0.*0 -2SO, 280 + 20-2S0, 

SA 30 -2SO, 2S0 + 40 -2SOa. 

The Mructural fennula I is i*sually a^luptcd. although II and 111 have 
also been proposed : 


04 - 


o H H 0 
I 


Or- 

\S-0— 

OH 

11 


\s— 0-S-OH 
HO^ 

III 


u- 1 accounts for the creat wilucing power, two hydrogen atom 

“o .Ulpl.ur preser.,. nn.l for .lie formation of .on,, cl.tlnonoto 
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.. os^idation. The doubled formula HSO.) is proved by the 

diwn^etiflm of the ion SA" iKlemm, 1937). rxr « ^ 

The free acid is supposed to be present in the >'e«ou‘ solution of Na^.O* 
wid oxalic acid but it rapidly decomposes into sulphurous acid and sulphur, 
and tlrt colour may be due to SO (p. 488) : 280 = S0, + S. 

Sodium hyposulphite U a very powriu! reducing agent and is used to 
dissolve indigo (or other vat dyes) by forming reduced solutions : 

NajSjO, + 2 H 5 O -2N’aHS0j 4 2H (nascent). 

Instead of sodium hyposulphito the stable reaction product with formal- 
dshyde, called C, is often used in re<lucing dyes. Tins contains a 

formaldehyde compouml of aedium afdp*orjrfo/« NaHSO, t 

Na,S ,04 4 H,0 = NaHSO, 4 KaHSO, 

NaHSOi 4 NaHSO, + 2H CO H = NaHSO 3< H CO H > 4 XaH SO ,( H rO H ). 

It can be made in this way or by reclucing NaHSO, solution wiih sine in 
praeence of formahlehyde. Tho salt NaHSO ,(H C0H).2H,0 can be sepa- 
rated by cr^'stBllisatinn. 


Sulphoxylic acid.-^Sulphoxylic aciil is uaiially formulated as 


•^0 


Sidphoxylic acid H,SO, is unknown but thnllium sulphoxylule Tl,SO, 
is formed by oxidising thallous sulphide with moist oxygen : Tl|8 + 0, = 
T1^0„ and cobalt sulphoxylate is formed as a brown precipitate by the 
action of sodium hyposulpliite ami ammonia on cobalt chloriile solution : 
Na,S,0 , 4 CoCl, - CoSO, 4 SO, 4 2Naa. 

Tbionic acids.— The th ionic acids form a group with tho general 
formula v'here n is 2. 3, 4. 6. and 6 They are known only in 

solution but form crystalline salts. Some authors separate ditli ionic 
acid H,St0| from the *' true ” th ionic acids. 

The methods of prejiaralion are readily comprehended if it is assumed 
that : (i) sulphur dioxide, or acid sulpliitei solutions contain the ion 8,0,", 
(ii) acid thiosulphate solutions contain the rudical S0:S|0/'4 2H * 

2S0 4H,0. 

A dufticnotc is formed by oxidation of sulphur dioxide or acid sulphite 
solution : S,0»" 4 0 = S,0," ; a fritAronatc by the action of sulphurous acid 
00 a thiosulphate: S ,0," 4 2H* a 3S0 4 H,D and SO 4 A'' : a 

fetrafAtcnoie by oxidation of a thiosnlf^iata : 28,0," 3 S 4 O," 4 2 e i and o 
solution of pentofAiouie arid by the action of hydrogen sulphide on sul- 
phurous acid : H,S4 2S0, = 9S0 4 H,0 and 5S04 H,0 s 

Dithionic acid discovered by Oay-Luasac and Welter in 1819. 

is formed by the action of mild oxidising agents, such os a suspension of 
manganese dioxide, on sulphurous acid : 4 0 ^SsOi". 

Sulphur dioxide k slowly passed into a suspension of Jineftf ground 
crystalline native manganese dioxide (pyrofustre) in water, cooled in ice. 
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Manganous dithionate and man^nous sulphate are formed : MnO,+ 
2SO, MnS.O^ ; MnOj 80j*MnS0,. When all the pyrolusite has re* 
acteih hot sat um ted baryta water Uadde*! to precipitate all the manganese 
os Mn(OH), and the sulphate as IhiSO,. which are hltere<J and washed with 
hot water. The slight excess of baryta in tlie lilt rate is precipitated by 
carbon dioxidCi oncl the (iltmie is evaporatetJ to give <‘<ilourless monoclinic 
cr.vstnls of Uiium ditbiooste. lkiS, 0 c. 2 H, 0 . 

With a siis|>ension of ferric hy<lroxi<le a bron*nish*re<i aohition of Jtrric 
sulphite is forme<l. whicli |tasscs into a pale green solution of ferrous dithio* 
note and sulphite : 

2FetOHj, + 3H^SO, » FedSO>)> + 6H,0 
Fe,lSO,>, = KeS,0* ♦ FeSO,. 


Cobalt ic hy<lroxi(le reacts similarly, and (he reaction with manganese 
dioxide may be ; ^MuO, +- JH^SO, = MndSO.j, 3H,0 + 0 

MntlSO,!, a MnSjO, -r MnJsO, 

]ilnS0, + 0:^Mn80|. 


Dith ionic acid is obtained by an o.^idation reaction and (unlike the 
other thionic acids) it is oxidised only with difficulty ; boiling concen* 
t rated hydrochloric acid and |>otassium bromate slowly oxidise it to 
sulphate. Dithionates. unlike salts of higher thionic acids» arc not 
(1 ecom posed by sulph ides a nd $u I ph ites . They are all solu blc and m ost ly 
crystallise with water : no acid salts are knouTi. Tliey may be made by 
decomposing l>arium dithionatc solution with the mctnl sulphate or 
carbonate, bltering from barium sulphate orcarbonate, and crystallising; 

C‘a«sO,.4H,0. ZnSA.bH|0. Alj( 830 c) 3 ,lSH, 0 , 
PbS 20 «, 4 H, 0 . CrjlSjO^lj.l^HjO. A solution of Hithionk acid is ])ro* 
pared by preeipitnling l>arhim dithionatc solution with dilute sulphuric 
acid and concentrating on a water bath and then in vacuum over 
hulpburic acid: above a sp. gr. of 1*347 it decomposes: HiSjOg* 
HgiSOi + SO,. The salts decom{>ose similarly on heating : 

KjSOg + SOj. 

Bv the action of sodium amalgam on ditf donate solution a sulphite is 
formed : S,0." + 2Na - 2SO," -k 2Na‘- 

Barium ethyl thiosulphate, formed on adding barium chloride to 
sodium ethyl thiosulphate solution, rapidly forms barium dithionatc 
and ethyl sulphide (Hamsay, 1875) : 

.OSOjSEt OSO, 

Ba^ »Ba *ElSSEi. 

OSOjSEt OSOt 

Trithionic acid was discovered by Langlois (1842), who 

obtained potoi^ium trithionate by warming a saturated solution of 
potassium liydfogen .sul|ihitc with powdered sulphur for three or four 

days : GKHSOj ♦ 28 « 2 KJ 83 O, -k KjSjOj + 3H,0- 
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The best method of preparation {Plessy, 1844 ; Hertlein, 1896) is to 
pass sulphur dioxide into a saturated soluUon of potassium thiosulphate 
until a yellow colour develops, allow to stand till colourless, and repeat 
until no colour forms. On standing the salt crystallises. The reaction, 
usually formulated : 2 K^ 20 s + 3S0{B2K{Sa0( + 8 , is more complex; 
less sulphur separates and some tetra* and pcntathionate are formc<l. 
A (rithionate is formed by oxidising iee*cold saturated sodium thio- 
sulphate solution with hydrogen peroxide : 


2NatS,03 + 4HjO. -NajSA + 4 H 2 O. 


A solution of trithionie ee/d, prcpare<l by precipitating a concent ratOfl 
solution of K,SyO« with tartaric, perchloric or li>‘drofluosi]icic arUl. docom* 
poses easily on concentration; H«SaO,sH,80, -f SO, 4 - 8 , and the salts 
also doeompose on heating: K,S, 0 a = K,80, 4 SO, 8. Trithionates, 
except the silver, mercurous and mercurie salts, aro soUihle. 

Sodium amalgam reacts with a tritliionote solution to form sulphite 
and thiosuiphaie : S,0«" 9Na -f 8,0," -f 2 Na\ and olkali sulphide 
forms thiosulphate : 8,0," + 8 " s ^,0,". A sul|>Jiita do<» nor react with 
a trithionata, but remos'oa sulphur from a pentaOiionato an<l from n 
tetrathionate, forming a tetrathionateand trithionate, respectively, and a 
thiosulphate : 

8,0*" T SO," a 8,0," ♦ 8,0," (rapid) 

SA" + SO," S 8,0," ♦ 8,0," (slow). 

Tetrathiooic acid H^,0| was discovered by Fordos and G^lis in 1843. 
The sodium salt ii formed in the iodine* thiosulphate titration : 

2Na^0, + 1 , - Na AO, + 2 N 4 l. 

To obtain the pure salt a saturated solution of sodium thiosulphate 
is added drop by drop to a cooled solution of iodine in alcohol, shaking 
after each addition, until only a pale yellow colotir temains. The 
tetrathionate separates in crystals (sometimes first as an oily con- 
centrated solution) and Is washed >vjth alcohol, dissolved in water, 
reprecipitated with alcohol and dried over sulphuric acid. In solution 
it slowly decomposes : Ka^A -NaA >4 -rSO, + 28. and the reaction 
is accelerated by sodium thiosulphate. 

The tetrathionate is formed by oxidation of two thiosulphate ions, 
two electrons being removed : 2 SA"-S 40 ," + 2e. The reaction is 
quantitative with iodine, but with other mild oxidising agents some 
sulphate is also formed : 

28.0, "+!, - 840 ," + 2 r 

28.0, " + 2 Pe"* -S 4 O," + 2 f^- 

2 SA"+ 2 Cu -SA"+ 2 Cu' 

2S A" + H,0, - S 4 O 4 " + 20H'. 
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On a<ldiDi; ferric chloride to sodium thioeulph&t« solution, & deep 
purple colour <l\ie to the km Fe(SaOa),' npidly diAappeers and a colourless 
solution free from ferric ions (no colour with KCNS) is formed : 

2S,0," + Fe**sPe(S,0ah' 

Fe(S,0,)»' + Fe* » S,0,'' + 2Fe'‘. 

Tetrathionete produced in electrolytic oxidation of thiosulphate solution 
IS jm)bably rorme<l by the action of hydrogen peroxide at the anode. 

With tetrathionatc solution sodium amalgam forms thiosulphate : 
S4O1" +2Na»2S,Oj" +2Na‘ (reverse of formation of S|0," from 
sulphides form thiosulphate and sulphur: 8401''+$"* 
2 Sj 03" + S, and sulphites slowly form trithionate : 8404" + SO," «• 
S3O4" * The tetrathionates are soluble. 

Lead acetate and sodium thiosulphate solution precipitate white lead 
thiosulphate. A suspension of this reacts with iodine to form a solution 
of lead tetrathionate : 2PbSjO, + I,»Pbl, + PbS40|, which when fil- 
tered and precipitated with dilute sulphuric acid gives a solution of 
tet rath ionic acid. This is fairly atablc and can be concentrated on a 
water bath and in vacuum over sulphuric acid up to a ]>oint. but then 
decomposes : 11,8404 - HjSOi -t- SO, + 2S, The tetrathionates decom- 
pose on heating : K,8404 ■ K,S04 -► SO, + 2S. 

Pentathiomc add HiSiO,. discovered by Wackenrodcr in Ib4d. is 
formed by the interaction of hydrogen sulphide and sulphurous acid in 
solution , sulphur and tetrathionic acid being also formed. It is possible 
that the oxide SO is an intermediate product : 

H,S + 2SO,-3 SO-kH ,0 
5S0 + H,0 - H,Ss 04, 

the 8,04" ions being partly reduced to S4O4’' by SO," ions. 

Pentathionic acid (the existence of which was doubted) was studied 
by Debus (1888) in a masterly research on the t bionic acids. The salts 
are not stable unless a little hydrochloric or sulphuric acid is added to 
the solution. 


Hydrogen sulphide is passed elowly for a few Ixmre a day into saturated 
sulphur dioxide solution till all the 80, finelly disapjiears. The milky 
I id aid {Wackenrodtr’t solution) c^witains suspended and colloidal sulphur, 
and pentathionic and tetrathionic ackls. These are decompc«ed by alkali, 
so that only one-third of the amount of KOH required for neutralisation is 
run into the liquid in a thin stream with constant sticruig- Potassium 
acetate or bicarbonate may be use«l instead. On sponUneoas evaporation 
K S-0. (monoclinic) end KA0,.MH,O (rhombic) crystals form, and may 
separated by liend -picking, of (when welUformed) by floUtion in a 
miMuro of bromoform Mtd xylene of density 2-2. when K.S.O.emke end 
KrS,O,.liH,0 floats- The pentathionate may be recrystallised from 
warm water acidified with sulphuric acid. 
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Pentethionate ia formed by the action of eoncwitrated hydrochloric 
acid on concentrated sodium thiosulpliate solution containing a little 
sodium arsenite and cooled at - 10® (Raschig) : SjOj' +2H' *2SO + 
H,0: SSO + HjO-HjSsO*. The filtered liquid deposits crysUla of 
NajSjOj and the filtrate contains giTing crysUls of KjSA. 

l^HjO on adding potassium acetate. 

A solution of pentathlon I c acid is prepared by precipitating a solution 
of the potassium salt with tartaric add ; it may be concentrated on a 
water bath to den^^ity 1*3 and in a vacuum desiccator to density 1*0, 
but then decomposes: HjSj0t»HjS04 +SOj + 3S- The salts, which 
are soluble, decompose on heating : +SOj + 3S. 

Potassium amalgam reduces pentathionate to tclrathionate and 
finally to thiosulphate: SjO|" ♦SK ■S 4O4" •*-2K‘ + S", and 
2K -2S4O," * 2K* ; sulphide forms thiosulphate and sulphur : S^Oi" 4 
S" -2StO} ' -f 2S ; and sulphite forms tetrathlonate and thiosulphate : 
SjO," + S 05 '^S 404 ” + S,0,”. 


Hsxathie&ic acid H« 8 « 04 , according to Debus, is contained in Wackon* 
rodsr's solution, from which, aTler separation of and KsS^O#. he 

obtained warty crusts of K,S« 04 . The potassium salt is prepareil (^^’eitt 
and Achterberg, 1928) by adding a solution of 1 mol of potassium nitrite nnd 
3 moll of potassium thioaulphata to awlbcodorl hydrochloric acid in a largo 
flask, with vigorous shaking, tha oxidoa of nitrogen being removed by a 
current of air, and the solution cooled in a fraesing mixtura. Potassium 
chloride asperates and is removed. On concentrating tlia solution under 
reduced pressure, potassium haxatluonata crystal I bea. 

Hexath ionic acid ia formed by tha action of a large quantity of con* 
centraUd hydrochloric acid on a solution of aodium thiosulphate containing 
sodium aiaanite, and may be isolated as potassium hexathionate by adding 
potassium acetate after concentration (Kurtenocker and Matcjka, 193G). 

Structures of the tbionJc aeids.''‘Severa1 sets of formulae have been 
proposed for the thionic acids. Blomslrand 1I8$9> and Mendel^fi (1879) 
suggeated that - SOaOH groupa are linked by sulphur atoms : 


SO, OH 

I 

SO, OK 
di 


< 


SO,*OU S-SO,OH 


SO, OH 
tri 


SSO,OK 

tetta 


^SSO.OH 

^SSOjOH 

poriCa 


Debus (1888) considered that the central linking group was — S— 0^ : 


SO, OH 

S50,0H 

1 

OSO,H 

S*SO,OH 

1 

0*S0,SH 

SSO,OH 

S-SO,'OH 

1 

SO, OH 

i 

0$0,SH 

\ 

OSD,'SH 




il 


di 



8 

S 8 

tri 

letra 

penta 

hexa 


Hertlein (1896) found that polythionetea of mercury and silver do not 
form complex compounds, and from this and tlie molecular refractions of 
^ salts ha concluded that tha metal is attached to oxygen os in Blom- 
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strAnd's and Mendel^ff's formulae, rather than to sulphur as in Debus's 
formulae, since these metals in combination with sulphur readily foim 
complex compounds. 

Vogel (1925) proposed the formulae : 


SO, OH 

I 

SO.OH 

ySO,OH 
^50, -OH 

.80, OH 

5=S( 

^80, OH 

/SO, -OH 
S=S= 8 ( 

^80, OH 

dt 

tri 

tetra 

penta 


which are similar to those now adopted, those for di* and tri^thionates 
being based on X-ray evidence : the ions are : 


Oe - S-&-^0 


0 “' 


/ 


S<^ 


S0,0 ySO,0 Sr^xSOiO 


di 


'S0,0 

tri 


^S0,-0 \ 


^so,o 

tetra 


S0,0 

S0,0 


penu 


heva 


The <lilhionete ion is a trigonal bipyramid, and the — S— angle in the 
trithionate ion is about 103*. 

Although dith ionic acid does not form acid aalu, the con<luctivities of the 
sodium salt and Ost weld's rule (p. 300). and also the diamagnetism of the 
sodium salt, show that Che acid is dibasic. H|S,0« and not HSO,. 

Sulphur moDOzids. — This oxide, SO. is formed by (i) t)ie slow oxidation 
of sulphur on heating in air. (ii) burning sulphur in oxygen below 40 mm. 
pmasure, (iil) the action of an electric discharge on a mixture of sulphur 
dioxide and sulphur vapour at 10 mm. pressure : SO, + Ss2SO, <iv) t)ia 
action of finely -divided silver on thionyl chloride: SOCl, + 2Ag* SO + 2AgCl 
(Cordes and Schenk, 1933). It is a colourless gas. sUble at room tempera* 
ture but dceoinpo-lng at 100* : 280 *8 50,4-8. It combines with oxygen 
on sparking. an<l readily with chlorine at low proesure : SO 4 Cl,** SOCl,. 
Alkali absorbs It to form aulphide. eulphite and thiosulphate. An orange* 
red solid forme<l on cooling the gee with liquid air does not form SO on 


wanning. . * . 

Sulphur SBsquioxids. — Powdered sulpliur dissolves in fuming sulphuric 
acid to fonn an indigo-blue liquid. The malachite -green solid sulphur 
sesquioxide is formed by the action of liquid sulphur trioxide on powdered 
sulphur: 80 , + S*S,0, (Weber, 1875; Partington and Vogel, 1 925); H 
is unstable, decomposing at room tempemtiire and rapidly on warmmg : 
gv 0 - s + 3SOj, and is decomposed by water, forming sulphur, sulphuric 
add and trithionic acid, with smaller amounW of sulphurous and ponta- 
tliionic acids. The formula may be 




CHAPTER XXVIII 
SELENIUM AND TELLURIUM 

Selexuua. — S«l€nium was discovered by Berzelius in 1817 in a deposit 
in a lead cbacsber making sulphuric acid. The name is from the Greek 
ttUiu, the moon, on account of the analogy of the element with tellu- 
rium, named from the Latin Hie earth. Many imporUnt com- 
pounds of selenium were discovered by Berzelius ; aelenic acid was 
discovered by Mitscherlich in 1827. Selenium is intermediate between 
sulphur and tellurium in its properties. 

^lenium occurs native in Me.xico and California, and in some native 
sulphur, particularly Japanese ; aelenides of lead PbSe. copper Cu^ 

' and silver Ag^Se occur at Clausthal (Harz), mercury selenide HgSc 
in Mexico, and the important ore torgiu, a double selenide of copper 
and lead with some iron and silver and as much as 31 per cent of So, 
in the Argentine. CmktsiU (Cu,T!,Ag),Sc is found at Skrikerum in 
Sweden. Many kinds of pyrites contain selenium, which finds its way 
into the due dusts and chamber deposits of sulphuric acid works and 
into the commercial acid. In making sodium sulphate with this acid 
(p. 210) the selenium pssses ss chloride into the hydrochloric scid. 
Selenium occurs in soil of the srid plains of D^ota, Wyoming and 
Kansas, making the lierbage poisonous to animals, and it may pass into 
wheat. Most vegetables (especially spinach), and bones and teetii, 
contain it in traces. 

Selenium may be extracted from vitriol chamber deposits, etc., by 
digesting with fuming sulphuric acid : Se 280} - SeO) -f 2SO|. or with 
potassium cyanide solution when it dissolves as potusium seleoocyuste: 
KCN + Se«KCNSe, and on adding hydrochloric acid selenium is 
precipitated as a red powder : KCNSe * HCl • KCl + HCN * Se. It is 
purified by distillation or by evaporation to dryness with nitric acid, 
when solid Mleuiun dioiid« SeOg is formed, which can be sublimed, or 
recrystaUised as lelc&lou add H(SeO|, a solution of which is reduced by 
sulphur dioxide : + 2SO, + H,0 -Se + 2 H,S 04 . 

Selenium is extracted from the anode slimes of electrolytic copper 
refining (p. 721) which may contain as much as 96 per cent together 
with tellurium, although 1 to 18 per cent $e and 0*25 to 2^5 per cent 
Te are usual. 


4$7 



40S 


IXORG.\XIC CHEMISTRY 


[chat 


Selenium is used in making red glo&s, enamels and glazes, and the 
pigment cadmium sclcnidc CdSe, and in photoelectric cells ; its red 
compounds arc used ui pliotographic toning and selenobcnzamidc in 
froth dotation. Selenium has Wn used in vulcanising rubber ; in 
conjunction with sulphur it prevents siirface crystallisation or bloom.** 


bike sulphur, selenium exists in several aHofr^ic Modi/icaltQn4 (Saunders, 
1900) : 

1. Amorphous seleoimn. (o) Vtrreow# eefeitiuM, an opa<}ue almost black 
lustrous solid, sp. gr. 4 28. giving a red pouder. and formed by audilenly 
cooling nielte<l selenium. It softwis at 60* and if rapidly heated to 220* is 
liquid but viscoua. Above C0*-80* ii changes fairly quickly into me/c/lic 

(no. 3). (6) JftrJ onrorpAeus ee/entum. a dark red powder, sp. gr. 
4«2t), prccipilAte<l from a s«dution of selenious acid by solpUuf dioxide, or 
by hydrochloric aci<l from a solution of KCNSe, or formed (as “ flowsra of 
selenium by subliming selenium in a seale<l tube. Amorphous selenium 
is slightly soluble in carbon disulphide (about 01 j^er cent at the b.pt.) and 
readily in solenimn oxj'chloride. (c) Cofhidal s</cru'«wi, formed os a red sol 
by mixing dilute solutions of selenious ontl sulphurous acids. 

2. Meaodinjc wUaium is ob(aine<l in retl crystals by letting forms Jo or 
16 ston<i in contact with carbon disulphide. Two */ahfe crystalline variatiee 
are known, ap-gr. 4 47 (cf. ^-sulphur). If heated rapidly the red er>'stali 
fuse at 200* with partial conversion into metallic selenium, an<l the mots* 
stable melting point is probably 1 70*- 1 80* (ef. a-sulplmr). 

3. MsUllic MleoiuiD is formed, w ith c^'olution of heat, when any other 
variety is heated at 200 ’-220' for some time- It is silvery-grey, sp. 
gr. 4 80, gives a black powder (red if very fine), and is insoluble in carbon 
disulphide (about 1 per cent of soluble selenium is always present) but 
soluble Ln chloroform. It has been obuined by sublimation in hexagonal 
cr>'sUls iaomorphous with tellurium- 

The electrical conductivity of metallic selenium is very small in the dark, 
but on exposure to light it increases rapidly, the original conductivity being 
recoveretl (with a time-lag) in the dark (Willoughby Smith. 1873). This 
oronerty. which is probably due to an inner photoelectric effect (liberation 
of electrons in the surface Isj-er of the solid) is utilised an photoelectric cells. 

Ikieglcb (1929) from X-ray examination concluded that vitreous selenium 
is amorphous, moooclink eelenium consisU mostly of Se, molecules, and 
metallic selenium mostly of Se molecules. 


Selenium boiUat 084-8- givingadwk-redwpour, the den$ityof«hich 

falb with rise of tempersture; at lower temperatures Sc, and be. 
n,olecules seem to be present, above 1400' So, molecules only. The 
molecular weight in solution in phosphorus corresponds with S®.- 
Selenium combines with many metals to form selen.d«. and alkah 
metal eclenides and polyselenides, Na,Se. Na^„ Na,&„ ‘ 

Na^ analogous to the sulphides are formed. It reduces hot . 
nitSe Xtion : 3Se .4AgNO, * 3H,0 = 2Ag,^ . H,SeO, .4HN^ 
Hvdroecn selenide H-Sc is formed in small amoun^ on 
eelSJin hydrogen ; H, .Se H,Se (although most of the selemum 
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sublimes in glittering crystals) and by theacUon of nascent h.\*droccn on 
selenious acid. On heating iron filings with selenium, ferrous scionido is 
formed, which gives with acids: FeSe '»-2HCl = FcCI, + H^Se- 

Pure HjSe is obtained by the action of water on aluminium sclenide : 
A)tSe3 + 6H20-2Al(0H)5 + 3H^Sc. Hydrogen solcnide is a colourless 
inflammable gas with a very offensive smell and strong action on tlie 
mucous membranes and is poisonous. It is less stable than hydrogen 
sulphide. It is soluble in water to a feebly acid solution which pre- 
cipitates selenides of many metals, and oxidises on exposure to air, 
selenium being precipiuted. It combines with ammonia gas to form 
solid ( NH4)^e. The normal density of the gas is 3*6000 gm . / li t . , corres- 
ponding with a molecular weight and it leaves its own volume of 
liydrogen when decomposed by heated tin, hence the formula is HjSe, 
The b.pt. is -4l’7* and the m.pt. -04*, 

Halogen compounds of selenium.— Selenium forms two fluorides, SoF» 
{colourless gas) and ScF^ (colourless liquid), and a liquid otyfluorids 
SeOFj, The reddish -brovn liquid selenium monocblor>de SCjClj is fornic<l 
by passing chlorine over selenium. It decomposes on licaling, giving 
the more stable tetrachloride : 2ScjCl,-36e +ScCl|. and is slowly de- 
composed by water : 2SejCI^ + 3H,0 • H^Oj 3Se + 4HC1. The pale 
yoUow solid uleuuffl Uttaeblortde SeCl4 is formed by the action of excess 
of chlorine on selenium, or by heating selenium dioxide and PCI4, dis- 
tilling off the POCIj in a current of carbon dioxide, and subliming : 
SeOj+2PCl4-SeCl4 + 2POCl5. It sublimes without fusion and the 
yellow vapour Is dissociated : 2SeCl4^Se20l2 4’3C]e. It U decom- 
posed by water : SeCl4 + 3H,0 - HjSeOj + 4HC1. 

The light-yellow liquid seWahim oxyeWerid* ScOCl: Is formed by tlie 
partial hydrolysis of the tetrachloride : SeCli + HtO-SoOCl2 4-2HCh 
and on heating the dioxide and tetrachloride in a sealed tube : 
SeO, + SeCl4-2SeOCl|. The liquid has a high dielectric consUnt 
{48*2), mixes with many organic liquids and reacts uith most metals 
and oxides ; potassium reacts explosively but sodium is unaffected. 

The reddish-brown liquid stlMkhim monsWonufls Se^Brj is more stable 
than the orange-red solid ssUaium wtrabromlds SeBri. Both arc formed 
from the elements. The solid acid H^SeBre and salts are knoum. 

The very reactive selenium oiybromide SeOBrj is obtained by distilling 


SeOCl) with NaBr, or by mixing together Se. SeOt and 2Br2 and 


warming. No iodides of selenium are known, 

Oxides aad oxyadds of selenium. — Selenium bums, but not very easily, 
when heated in air, and more readily in oxygen, Nvith a blue flame 
forming white crystalline volatile s«lcaium dloiida SeO^, very soluble in 
water. SeO^ on beating forms a yellow liquid and vapour. The vapour 
density is normal, but in solution in SeOCI| the mol^ule is (SeOi),. 
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By evaporating a solution of ScO{ in water, or seloniuni in hot nitric 
acid, very soluble hexagonal pri<iniit of seleojous kcid H«SeO) arc formed. 
It gives aeu) and normal sclcBJtne,^. KHScOjand K 281*09. and suporacid 
salts, KHalScOjlj. Hetcropolyaeids are formed with vanadic, molybdic 
and uranic acids. CaSeO) and BaScO^aro s(iariiigly soluble. Svlenious 
acid and sclenites are easily reduced to red siOenium, t.g. by organic 
matter in dust. 

Seleaiutn (hoside SeO^ is forme<i. mixed with some SeOj, as a white 
deliquescent solid by passing a glow discharge througli a mixture of 
oxygen and selenium va|)Our at 4 rnin. ]iressure. The corn*sponding 
$el«Dle aeid Ht8eO) is produced by the action of chlorine on selenium 
or selcnious acid suspended in water: 8c +4HjO + 3Cl2 ■HjSe04 + 
OH Cl : by the action of bromine on silver selenite in water : Agj8e0j 
H,0 + Bf, - ^ HjSeO^ : by oxidising selenious acid in nitric acid 

with chloric acid, or selenious acid with permanganate, or by electrolytic 
oxidation. The solution may be cva|ioratcd until at 265^ it contains 05 
|icr vent of HjSeO*. when it decominwes on further heating : 2H28e04- 
2H,.SeOa + Oj. If this liquid is placed over sulphuric acid in a vacuum 
desiccator until it contains 97 4 per cent of HjSeOi (sp. gr. 2-627) and 
then strongly cooled, it forms c<^ourless hexagonal crystols of pure 
sclenic acid, m.pt. 58'. The acid is very hygroscopic and evolves heat 
with water ; the concentrated acid chars organic matter and dissolves 
sulplkur to a blue liquid. Potassium sclenate is formed on fusing 
selenium witli nitre (Mitscherlich. 1827) and sodium sclenate on heating 
selenium with sodium peroxide. (Nitric acid oxidises selenium only to 
$eknious acid.) 

8elenic acid on heating dissolves copjier and gold, forming CuSe04 
and Auj(Se04)j. part of the acid being reduced to selenious acid- The 
dilute acid dissolves zinc : Zn s* H48e04 -ZnSeO^ t- but iron receives 
a thin protective coating of selenium and is not dissolved. Calcium 
sclenate forms a hemilo-dratc Ca8e04.}H40, like plaster of Paris. 
Barium sclenate is rather more soluble in water than barium sulphate 
and occludes salts more easily. 


According to Milsc-herlichselenic acid boot rwluced by )iy<irocen sulphide 
or Bul!.hur .iioxi<l». but Beng.r 11927) «>•» it i. rr.lme.i, » ith 
culty. It is reduced to selenious ecitJ by Uni mg with dilute hydrochloric 

acid : H,SeO*-f 2HCn = H,Se0, + H,0-fCl,. 

Selenium dissolves in fused sulphur trioxide or fuming sulphuric Mill, 
more easily on warming, to a green solution containing sel«osulpb«r 
CrioBde SSeO, (sulphur gives a blue solution of S,0, and tellurium a red 

^'^Seleniitm^d^lves in potassium sulphite solution f<.fming potSMum 
wl^o^osuJpltfte K,SSeO, (analogous to the thiosiilphote). which con be 

obtained in colourl«s c>'sUls. 
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Salts of MlsnotriUuonic acW Se(SO.-OH), are foriwMl by the action of 
Mlenium ecetylacetone (from acetylaceiono and SoCI*) on alkali hydrogen 

BulphiU» . ^ 4KHSOa = 2Se(SO,-OK), + 2C,H.O,. 


A solution of the free acid U formed from selenium aceiylacetor.e and 
sulphurous acid. A salt of seleoopeoUlhionic add H,.Se.S,0, is formwl 
from seleiiious acid an<l sodium iliiosulpimto in weakly ocid solution : 
SeO, + 4Na,S,0, -f 4HCI = 4XaCI + Na^ A N’a,SeS,0, + 2H,0, 

An explosive <)roiiRe*fe<l seleoiuia nithde ^ |)rccipitatod 

on passing tlry ammonia into a dilute solution of SeOCI, in l)chsoiio, or by 
the action of liquUI ammonia on Scllr, in prcaenco of CS, (StrocUor oiul 
Claus. 1923). Sdenophea C.H^Se <onah>gous to tiuoplien) is forine<l from 
selenium cind acetylene at 400* (Uriaeoe nnd Reel, 192H|, 


Tellurium. Native tellurium occurs in small amounts an<l was called 

by early mineralogists oarmn para*hrnm or n«r«m proi»fe»«nficuw, on 
account of lU lustre. J- P. Muller von Rcichenstcin in I7H2 wnt a 
specimen of it to Bergman, who reported that it was a peculiar metal 
similar to antimony. Klaproth in l7t)H examined it and called It 
tellurium (Latin Ullus. the earth), Berzelius in 1832, after a thorough 
investigation characteristic of his work, pointed out its analogies to 
sulphur and selenium (which he had discovered in IH17). 

Tellurium is rather rare. It is found native in Central Europe. 
Colorado and Bolivia, and with selenium in Japanese sulphur, but 
usually occurs as tellurides : sjffrani/e or fe//uWum (Ag.AujTC}, 

nagyagiU or bUuk uHurium (Au,Pb)j(Te,S.Sb) 3 , kwite AgjTe, and 
itlradymilt Bi^Teg. Gold tellurides arc important for gold extraction 
in Australia and Colorado. 

Tellurium may bo extracted from some silver and bismuth ores, or 
from the anode slimes of copper reftning (p. 721 ). Less than 0*1 per cent 
gives lead a greater tensile strength and resistance to acids, and tellurium 
has also been proposed for use as a dark finish in electroplating silver, 
for compounding rubber, and as diethyl tellur ide as an anti* knock for 
petrol. It seems, however, to hnd little use, since its coin]>ound8 have 
offensive properties. 


Bismuth ores are dissolved in hydrochloric acid, tellurium precipitated 
with sodium sulphite, and purified by boiling with sodium sulphide solution 
and powdered sulphur, then adding sodium sulphite, when tellurium 
separatee es a greyish 'black precipitate, which becomes silver* white on 
fusion. 

Telluriiun can be deposited in smooth thick la>'ers on a lead cathode from 
a solution of TeO* in hydrofluoric and sulphuric acids ; witli a tellurium 
anode containing selenium, the latter deposits as a slime (Mathers and 
Turner, 1928). 

A red colloidal solution obtained by reducing telluric acid with hydrazine 
behaves towards electrolyte like a metal eol (Doolan, 1925). 
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Telltirium forms hcxdgonal crystals, Is brittle and easily powdered, 
has a hri^lit lint re like antimony, a fairly high sp. gr. of 6*31, conducts 
electricity like a metal, and readily forms an amalgam. An amorphous 
V a r i ct y . s , pr. 0*015, is preci pit at ed by sul phur d iox ide from tcllu rous or 
telluric acid. Tellurium melts at and boils at 1390“ (478“ in a 

nearly |>crfccl vacuum) forming a golden -yelloa* vapour. At 671® the 
vapour pressure is only 15 mm. The vapour density at 1400^ is slightly 
higlicr than corresponds with Te,. When heated in air tellurium burns 
with a blue Hame forming white vapours of teUurium dioxide TeO, ; 
it burns, when heated, even in ver^* dry ox\*gen. 

Tellurium combines with many metals to form Ulluridts, and dark* 
red alkali ])olytellundes. 

Hydrogen teUuride H^Te, prepared in an impure state by Davy in 
1 8 10 from zinc telluride and acid, is obtained pure from aluminium 
tolluride and dilute hydrochloric acid, or by the electrolysis of 50 per cent 
sulphuric or phoAfihoric acid at -20“ with a tellurium cathode, and at 
once drying and liquefying the gas (b.pt. - 1*8®, m.pt. -57®). 

Hydrogen telluride is a colourless gaa with an unpleasant smell, less 
stable than hydrogen selenide but fairly stable in the dark when pure. 
Exposure to light decomposes it, especially when moist : HtTe«H}*^ 
Te. An equal volume of hydrogen remains after heating with zinc, and 
this result, with the gas density, gives the formula H^Te. The gaa bums 
in air with a |)ale blue flame: 2HtTe '«’303 'f 2TcO|. The 
solution oxidises in air and becomes red. from separation of tellurium. 

Hydrogen telluride is a fairly stnmff acid and hydrogen selonide is 
stronger than hydrogen sulphide : the acidic character mrnosta with 
atomic weight in the group 8, Se. Te. 

Halogen compounds of tellurium. — Tellurium combines with fluorine 
w*itli incandescence to form colourless gaseous leUuriuo bsztOuorids 
TeF„ and teUurium ofy9«end«. TeOF,.|H,0, is formed in white crystals 
by the action of anhydrous h3'drofluoric acid on TcO|. The hexa* 
fluoride is only slowly hydrolysed by water: TcF, + OHgO -6HF + 
H TcOg (telluric acid). Excess of chlorine forms with tellurium the 
stable white crystalline telluriam tetrscblertde TeCl*. very hygroscopic 
and hydrolysed by water : TcO, .h2HtO«TcO, + 4HCI. The vapour 
is stable at 530®. On healing TcCl, with teUurium, black solid isUurium 
^cblQride TeCl, l« formed. TeCl, and h>*dfochloric acid form H^Te^r 
salts of which {e^- K,TeCl*) arc isomorphous with corresponding 
stannic, plumbic and platinic com(>ound.s and with KjSiF,. 

Telhirium fonns a dibromide TeBr, and tetrabromid* TeBr*.«n<l (unlike sul* 
phur and selenium) a tetraiodide Tel., formed from tlie elements In iron-grey 
co*8tAl» “ solution by tli© reaction TeO, + 4HI » Teli + 2H,0. 


xxvni) OXIDES OF OXVACIDS OF TBLLUIUUM 

Oxides of oryadds of teUuriuin. — Tellurium forms the oxides TcO, 
TcOj and TeOj ; tellurous acid is known as salts, the tellurites, e.g. 
KjTeOo : ordinary telluric acid is H^TcO,. 

Black telluriwa monexidi TeO is formed by heoting STeO, {see below) 
in vacuum at : STeO, ^ToO + SO,. With conceniratcd sulphuric acid 
it forma white crystals of tellurium sulphate : 2ToO SHiSO, »To|SO,), + 
STe0, + 3H,0- 

The white cryatallinc solid teHurtam dieiide TeOj. formed by burning 
tellurium in air or oxygen, or by evaporation with nitric acid and 
heating the basic nitrate 2TcO„HNOj, is only sparingly soluble and biw 
no acid reaction. It dissolves in alkalis forming Ulluriles. f.g. KjTcOs, 
from which acids precipitate a hj'd rated form callcti teUuroui fitid, which 
reddens litmus. Tellurites arc also formed by fusing TeO, with alkalis 
or alkali carbonates. The formation of the 6osic nitrate 2Tc0j,HN05 
or Te,0,(0H)X03 (rhombic crystals) by evaporating tellurium or the 
dioxide with nitric acid, shows that TcO) is amphoteric. 

TsUuriujn Irioode TeO, is an orange *j ellow powder formed on heating 
telluric acid. It decom poses when strongly heated : 2TeO, * 2TeO, + 0,. 
It is insoluble in water, but telluric acid is formod in other wa>'s. 

Tellurio scid is best prepared by dissolving tellurium powder in aqua 
regia, adding chloric acid in small portions, evaporating in vacuum, 
precipitating with nitric acid, and rccrystallising from water. It forms 
white crystals of the composition H|TeO), in two crystalline forms, 
cubic and monoclinic. Telluric acid is sparingly soluble in cold but 
readily In hot water. It is a weak acid. 

The molecular weight in solution corresponds with U,ToO«. and thin 
pistes of the crystals, unlike true hydrates Cu$04.$Ha0) are not 
permeated by water vapour. Hie methyl ester Te(OCH,), and silver so It 
AgaTeO, are known, hence iho acUl is H,TeO, and not H,Te0«.2K,0. The 
X.rayi show that the TeO, radical is octahedral. Below 10^ the solution 
of telluric acid deposits the hydrate H,TeO,.0H,O. 

On heating H,TeO, in a sealed tulw ot UO* it forms alhtelluric acid 
(HiTeO,),. a fairly strong acid. At I00*-220* H,TeO, loses water and forms 
a white powder of meioutiuric acid (H,TeO«)«. 

The tsUurstss are formed by fusing tellurites with potassium nitrate 
or passing chlorine into alkaline solutions of tellurites : 

KjTeO) + 2K0H +Cl) -K^TeO* + 2Ka + H^O. 

Tbey arc not isomorphous with sulphates or selenates. Some tellurates 
exist in two forms, a colourless salt soluble in water and acids and a 
yellow insoluble form. Normal, acid, and superacid salts are known : 

K)Te04,5H,0, K,Te,0).4H,0. 
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{cf. chromates and iwlychroniatcs). Tel lu rates are reduced to 
tellurites by boiling hydrochloric acid : 

KjTeO, + 2HC1 » K,TcOa + a, + Kfi. 
and (unlike setenates) are easily reduced to tellurium by sulphur 
dioxide. Barium telluiate BaTc0|»3H20 is fairly soluble in 
water, 

Tellurium dissolves in warm concentrated (especially in fuming} 
sulpliuric aeid to a cherry* red solution, and from tellurium and sulphur 
trioxide tlie red solid STcO, (analogous to the blue Sfis and green 
8ScOj) is formed. When fused with potassium cyanide tellurium does 
not form a compound analogous to KCNS or KCNSe, but only the 
tel I II ride K*Te. 

The atomic weight of tellurium.— The anomalous positions of iodine 
and tellurium in the periodic s^'stem led to the suspicion that tellurium 
oiighc contain an unkno^m element of higher atomic weight. 


Brauner (ISH9) attempietl to separate this, and found that the atomic 
weight was eocuiderably higlier when lelUirium was merely fused in an 
in<liffcrent gas than when it was dkstiiled in hydrogen. This has not barn 
conlirme<l. 

H. B. Baker and A. H. Bennett (190?) attempted to 8ei>arats the supposed 
eonstihjents : (l| by fractional cr)*slallisa(ion of telluric acid; (9) by 
boiling borium telltirate with water (the aolubililv increases in the terira 
BaSOi— Ua 55 e 04 -*BaTe 0 <) i (3) by fractional dial illation of Te, Te(C|H|)„ 
TeCI,, and TeO, j (•!) by fractional electrolysis of (elliirlum compounds ; 

(5) bv fractional |)reclpitation of TeCl, with water. 
Tlie rraults a'cre all negative. By heating TeO| 
with sulphur in a small tube (KIg, 270} the reaction 
TeO, + SaTe4 SO, occorre*!. the excces of sulphur 
being kept back wlih silver foil. By this motho<l. 
and the lyntheeis of TeBr„ the atomic weight 
Tob 127*5 was obtained, which is higher than the 
atomic weight of iodine. 1 = 120*92. Flint (1909) 
claimed to have separated frartiona from tellurium 
by method (5), but (his was not substantiated by 
Harcourt and Baker. Honigsehmid (1933), from 
the ratio 4Ag : TeBri, found Te= 127*59. There are 
1 10 . 270-— Atomu* jaotopea of tellurium, but ioiline is a simple 

u eight o »c onurn. only one kind of atom. Hence the 

average atomic weight of the mixture of tellurium isotopee is higher 
than tJie atomic weight of lodine. 



Structures of selenium and teUuriutn compounds.— Tlie gaseous 
compoiinda SF., SeF. an.i TeF. ron«*in moiwulea with the wmo Mto- 
hedrel structure (p. 4#1). the observe.! bon.! tengths being b-F !-«. 
„ p ..go ,n,| Te— F 1-83. all much smaller the calculated. 

TbTphyeicIi states of the dioxides SeO, and TeO. suggest « * 

ifierentetructure from gaseous SO,, and th» « confirmed by X-ray 
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e^tsmmaUon. The selenium dioxide ctystel contains long mecromolecaler 
sig-xeg chains : 



the angles being So— 0 — Se 126*, — O— Se O— 28 , ■ 0 
Telluri^ dioxide ha* quite a diflerent structure, the lattice being like 
that of brookit*. one form of titanium dioxide TiO,, and sinM this is an 
ionic lattice the more metallic character of tellurium i* m ovidenco. llie 
ion ToOi*" of telluric ecid hes en ocuhedrnl structure like TeF,. 


CHAPTER XXIX 
NITROGEN 


Eiitory. — In 1772 Daniel Rutherford allowed mice to breatlte in air 
under n bell 'jar and removed the fixed air (CO,) by voahing the residual gaa 
with catk^tie potaah solution. A gas remained which <lid not support com* 
buation or reepiration but. unlike Hxerl air. was not absorbed by alkali or 
lime*water. iVieat ley (1772) burnt charcoal in a confined volume of air and 
absorbed the fixed air with alkali, also obtaining a ** mephitic air " which 
he calle«l p/ilogisticatai air. Roth considered that the gas was common air 
saturated with phloffistan emitted by the animal or combustible body. 
Scheele (1772) prnvcil that nir is a mixture of two gasce.yrre air which sup* 
]iorts combustion an<l respiration, ami JomI air which decs not. Lavoisisr 
( 177(i*G) gave a decisive prot»fof this, and called Schsele's gas asofe (Greek a. 
no ; roe. life), e name still used in France ; tho name nitrogen (Greek 
niV/’o/t, nitre) was suggCKtetl by dispial in 1790. 

Atmospheric nitrogen wos considered to be a pure substance until in 1994 
Rayleigh arxl Ramsay fountl that it contains rather more than I per cent 
by w eight of an inert gas which, unlike nitrogen, does not combine w ith 
heated magnesium. Tlie inert gas, the existence of which had been in* 
<licate(J by C’avemlisli in 1789, was called argon (Gresk argan, sluggish) ; 
later experiments by Ramsay and Travers slioweil thot the atmosphere 
contains traces of otlier inert gases : bcUum, seoa, kryrtoa and seaoo. 

Occurrence. — Free nitrogen occurs in the atmosphere. The composi- 
tion of air freed from moisture and carbon dioxide is roughly 4 volumes 
of nitrogen to I volume of oxygen ; the exact figures (Leduc, 1890) are : 

By weight By voluiivo 

Nitrogen .... 756 7805 

Oxygen 2 1 00 

Argon, etc. • • • 10 0'®'* 

The very nearly constant composition of dry atmospheric air was 
proved by'C^ventiidi in 1783 (20-H33 voU. of oxygen and 79* 167 vols. of 
nitrogen and argon). Benedict (1012) and Carpenter (1037) found that 
the volume percentages of o.xygen (20‘939) and carbon dioxide (0-031) 
in imcontaminated air arc very constant. 

TJie atmosphere iisually contuins in a<ldition to tlie abo^*e substances, 
minute quon titles of corbw monoxide (in towns), hydroearbiuia. hydrogen 
i»n»xi<lc vapour, suljdiur coin|K>unda such as hydrogen sulphide, sulphur 
dioxide end minute droplets of wjlplnirie and, chkridea («|>eciolly near the 
sea) inorganic on<l organic diwt, and nxiisture. 
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Traces of free nitrogen occur in volcanic gases and in gases evolved 

from coal ; the gases from some springs may contain over 95 per cent 

of it by volume, ^ ^ .mu 

Nitrogen combined with hydrogen forms the base ammonia NHs. 

occurring in the free state and as salts in air. water, and P^' 

ducts In combination with osygen. nitrogen forms nitrous acid HNOj 
and nitric acid HNOj, Extensive deposiU of sodium nitrate occur m 
Chile. Animal and vegetable organisms contain complex organic sub- 
stances called proteins, with an average of 1C per cent of nitrogen. 

Preparation of nitrogen from air.— Nitrogen may be prepared : 
(a) from atmospheric air by removal of oxygen, (5) from nitrogen im- 
pounds. Atmospheric nitrogen is not quite pure since it conUins about 
1 per cent of inert gases, which give it a slightly higher density than pure 
nitrogen. 

Oxygen is removed from air (previously freed from carbon dioxide) 
at the ordinary temperature by the action of phosphorus, moist iron 
filings, liver of sulphur, etc. Phosphorus, alkaline pyrogallol solution, 
acid chromous chloride solution, or a solution of cuprous chloride m 
hydrochloric acid or ammonia, remove atmospheric oxygen completely 
on standing i 4CuCa +4HCI + 0,- 4CuCl, + 2H,0. MeUllic copper in 
contact with hydrochloric acid or ammonia may be used. 



A long gisas tube sealed at one end and fitted witli a rubber swpper is 
divided into six equal volumes by labels, A solution of pyrogallol is poured 
in so ss to occupy one division. A tmaU piece of eoUd sodium hydroxide is 
slid into ths upper part by means of crucible tongs, taking care that it does 
not fall into the liquid. The stopper is inserted 
sod the tube shaken. The liquid becomes black 
owing to absorption of oxygen. The tube is 
opened under water ; one of the remaining five 
divisions fills with water and four- fifths of the 
original volume of air remain as nitrogen. 


Oxygen is removed from air by burning 
phosphorus, but not quite completely. 

A porcelain capsule cMitaining a piece of 
phosphorus Is fioated on water and covered with 
a stoppered bell-jar divided from the water 
level into five equal volumes by strips of waxed 
paper (Fig. 171). The phosphorus is kindled by 
e hot wire and the stopper is inserted. When 
the phosphorus ceesee to bum the fumes of 
phosphorus pentoxide dissolve in the 

water, When the apparatus has cooled the 
water levels are equalised. The residual gas occupies four volumes and 
^xtinguiahes a lighted t^)sr« 


Fto. 271. — Burning phos* 
phorus in air. 
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Oxygon is romoTcd by s/wrfy passing air, <iried and freed from carbon 
dioxide by solid caustic potasb, over a long length of clean copper 
turnings heated to bright redness in a hard*glas8 tube ; 2Cu + Oj -2CuO. 

If air is bubbled through a warm concentrated solution of ammonia 
and the gas passed over a mixture of copper turnings and copper oxide 
heated to redness in a hard glass tube, the hydrogen of the ammonia is 
burnt by tlie oxygen of the air (Vernon Harcourt) : 

4NH3 4 30,-2N, + 6H.0- 

The gas is a mixture of atmospheric and pure nitrogen, with a density 
intermediate between those of the two gases. 

Nitrogen is made on (he large scale either by passing air over red 'hot 
copper, or mostly by (he fractionation of liquid air (p. 140). 

It should be noted that, as the boiling point of argon { > 180^) is closer to 
that of oxygen ( • I83^> tluin to that of nitrogen { - 196*). the nitrogen 
fraction contains very little argon ; it contains a little oxygen, which is 
sei>nrnte<l when necessary in the laboratory by passing tlie commercial 
nitrogen over copper turnings heated to bright redness. 

The volumetric composition of air.^The oxygen in a measured volume 
of air may be removed by absorbents and the contraction measured. 

The most accurate method of finding the per* 
eentoge by volume of oxygen in air is to 
explode a measured volume of air with excess 
of hydrogen. This may be done in a audio* 
meter over mcreury (p. 421. The hydrogen 
unites with the oxygen to form water which 
condenses to a liquid of negligible volume, 
hence the volume of oxygen is found by taking 
otu-tkird of the mcasanxi contraction. 

A convenient apparatus for gas analysis is 
the Hcnpel saa buretts sod sbsorpUoa pipsits sho^>'n 

in Fig. 272. 

Tlie burette and »U levalling tube are mounted 
on iH-o wooden st*n<ls weight e<l with lend and 
cut so (hat the two tubes may bo brought close 
together. Cwmertion with the pipette Is mode 
by glass capillary tube and rubber prtunrt tub* 
ing an<l the burette is closed with a spring clip. 
Burettes with glass taps are also obtatnablo but 
are mt>re expensive. The burette an<l capillary 
tube aro 1111^ with water and tho sample of gas 
from the pipetto is dmwTi into tho burette and 
measured, water from the pipette being paaae<l over to till the capillary 
tube. The plpotte is tl>en fille<l with a euitablo absorbent. ro-connoctetJ 
with the burette and tho gas poased into tho pipette. After shaking the 
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MS is passed back into the burette and meaAure<J. If necessary the 
burette and pipette containing the gsa aample may be filled with mercury. 

Suitable absorbents are concentrated potassium hydroxide solution 
for carbon dioxide or sulphur dioxide, alkaline 
pyrogallol for oxygen, ammoniacal cuprous 
chloride for carbon monoxide and acetylene, 
ferrous sulphate solution for nitric oxide, 
bromine water for ethylene. 

If gases are to be explo<led (r.^. a mixture of 
hydrogen and air or a hydrocarbon gas and 
oxygen), an tipJosioa pipette (Fig. 27$) fitted 
with platinum sparking wires is used, the gas 
being confined over mercury. The gas and 
oxygen are measured separately in the burette 
and passed into the explosion pipette, in which 
tits mixture is sparked, the tap being closed 
and the pressure tubing on tlie pipette being closed by a strong screw cup 
and a piece of glass rod. 

The graTimetric composition of air.— The determination of the coni, 
position of air by iccigAf is carried out by the metliod of Dumas and 
Bousaingault (1841). 

A long hard -glass tube ab packed witli bright copper turnings and fitte<l 
with a stopcock at each end is evseuated and weiglied, put in the ftimaee, 
and lieated to bright rednevi. It is connected at one end with a large 
weighed vacuous globe V closed by a stopcock and at the other with a bulb 



Fic. 274.— Gravimetric composition of air (Dumas and Ooussingsult'a 

apparatus, modified). 


of potenium hydroxide soluUon A and two U-tubee, one B contalniDg 
solid potassium hydroxide and the other C (next to the tube containing the 
copper) calcium chloride, which remove carbon dioxide and moisture, 
xaepectivoly, fnm the air (Fig. 274). 

The stopcocks are slightly opened and air is allowed to \M8S aiowly over 
the heated copper* when the oxygen is absorbed to form copper oxide and 



FlO. 27$.— Explosion 
pljiotte. 
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tlie nitrogen passes into the vacuous globs. When the globe is full of nitro- 
l^ti the stopcocks are closed and the apparatus allowed to cool TJie globe 
is weigluKl and tlius the weight of the nitrogen found. The tube containing 
the copper and copper oxi<l© is now weighed. The ni/rosen in thU tube is 
rcinoN ed by a i>umpan<l the vacuous lube again weighed in order to find the 
weight o( this nitrogen, which is added to that in tlie globe. The increase 
in weight of the mcMOi/s tube gi>*es the weight of oxygen. Tlie nitrogen as 
weig I ie<l cont a ins t he argon and ot lier Inert gases . These can be determined 
by a separate experiment (see p. d 6 l). 

Dumas and Boiissingauh found that air contains 23 00 per cent of oxygen 
and 77 00 |tcr cent of nitrogen (and argon), by weight. 


Air is a mixture not a chemical compound. — That air is a mixture 
{really a .so/ufron) and not a compound of oxygen and nitrogen follows 
from tfic facts given below : 

(i) Altliougli the composition {when freed from water and carbon 
dioxide) is nearly constant it is not quite so, whereas every compound 
has a definite composition. Tlte atomic ratio is also not simple but 

{ii) The constituents of air may be partly separated by diffusion 
(a/wofysis) through a porous pipe -clay tube into a vacuum, when the 
nitrogen passes through more rapidly than the oxygen. 

{iii) The constituents of air may be separated by the fractional dis- 
tillation of liquid air. 

(iv) When air is shaken with water the dissolved part is richer in 
oxygen than the undfssolvcd pari. 

(v) Wiicn oxygen and nitrogen are mixed there is no evolution or 
absorption of heat and all the properties of the mixture are inter- 
mediate between those of the constituents. 

( vi) The relative density of air 14*4 (H ■ 1) corres)>onds with that of 
a mixture of apprvxirMt^iy 4N} + 0 |; that of a compound N 4 O 
would be 36. 

Preparation of oitrogeD from compounds. — Nitrogen is prepared in the 
laboratory by methods mostly depending on the oxidation of ammonia, 
the hydrogen being removed and the nitrogen set free. 

1. When chlorine gas is passed into, or bromine is added to. concen- 
trated ammonia solution, nitrogen U evolved : 

2NH, + 3CI,-6HCI + N, 

HCUNHj-NH^Ci, 

the reactions with bromine being similar. 

In the case of chlorine the roncrion is vigorous, flashes of light being soon 
in o dorkenwJ room ; c»re slioulil be taken to keep the ammonia in excess 
otherwise the wy €Jfpio9ioe liquid nitrogen trichloride NCI* is formed 
(p. 525). 
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2 Instead of free chlorine a thin paste of 40 gm. of bleaching powder, 
cont^ning calcium hypochlorite Ca(Oa),. may be run through a thiatle 
funnel into 100 ml of concentrated ammonia solution warmed in a dask 
(exploriona have been reported) : 

4NH, + 3Ca(Oa), - 3CaC1, + 6H,0 + 2N,, 

Instead of bromine, eodium hypobromite solution (6 ml. of bromine 
freshly dissolved in a cold solution of 10 gm. of sodium hydroxide in 
100 ml of water) is dropped into concentrated ammonia solution : 

2NH, + 3NaOBr »3NaBr + 3H,0 + N,. 

Nitrogen is also evolved by the action of alkaline hypobromite 
solution on urea : 

CO(NHj), +3NaOBr - CO, +N, +2H,0 + 3NaBr. 

This gas contains a trace of nitrous oxide N,0, which is removed by 
passing over red-hot copper. 

3. When red crystals of ammonium dichromate are gently heated 
they decompose violently with flashes of light, nitrogen and steam are 
evolved and a voluminous green residue of chromic oxide is left : 

(NH*)|Cr A - N, + 4H,0 + Cr,0,. 

4. The most convenient method of preparing nitrogen is to heat a 
solution containing ammonium nitrite, made by dissolving equi- 
moteeular amounts of sodium nitrite and ammonium chloride or sulphate 
in water : 

NH4N0,-N, + 2H,0. 

The gas evolved is washed with dilute sulphuric acid to remove ammonia, 
and collected over water. 

The reaction may become violent and the liquid froth considerably. A 
little potaasium dichromate may be added to the reaction mixture to pre* 
veat the formation of nitric oxide. Since the reaction ia stopped by making 
the solution just alkaline with ammonia, it ia probable that free nitrous 
acid is the active agent. 

30 gm. of sodium nitrite dissolved in the smallest amount of cold water U 
mixed with a cold saturated solution of 22 gm. of ammoniiun chloride, and 
the liquid Altered. Two lots of e mixture of 5 ml. of the solution and 20 ml. 
of water are made ; one (A) is made faintly alkaline by a drop or two of 
0’3S0 ammonia and the othw (B) ia made faintly acid by a drop or two of 
dilute sulphuric acid. The two solutions are heated in small flasks on a hot 
plate : solution A may be heated to boiling without appreciable decomposi* 
tion, whilst B evolves nitrogm freely. 

The main quantity of the mixed solutions of sodium nitrite and 
ammonium chloride ia diluted wirii an equal volume of water and heated 
in a flask for the preparatlMt of nitiogeD. 
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5. Pure nieropen Is obtained by passing a mixture of nitric oxide and 
ammonia gas over red«)iot copper : 

fiNO + 4NHj»5N8 + CH,0. 

G. Wry pure nitrogen is evolved on lieating barium azide in an 
evacuatrd apparatus: Ba(N,). = Ba + 3N,. (Tliis preparation does 
not involve an oxidation of ammonia). 

Nitrogen gas may be dried by calcium chloride, concentrated sul* 
phurie acid or phosphorus pentoxide, and collected over mercury. 
Compressed nitrogen in grey cylinders may be bought ; it usually con* 
tains a little oxygen, which may be taken out by passing over copper 
turnings heated to bright rednciv^. 

Properties of nitrogen.— Nitrogen is a colourless, odourless, tasteless 
gas, normal density 1*2507 gm./lit. (atmospheric nitrogen is 0*4S per 
cent heavier) : it does not support combustion or respiration, altbougli 
it i« not |K>isonous ; it does not turn lime-water milky. It is sparingly 
soluble in water and has no action on litmus. It is liquefic<l by strong 
cooling ; critical tcm)ieraturc >147*13% critical pressure 33*49 atm. 
The liquid i.s colourless, b. pt. - lOo'Kr. density at b. pt. 0*dU42, and on 
rapid evaporation under reduced pressure it forms a colourless ice-like 
solid, m. pt. -210*5^86 mm. 

Nitrogen is an inert element, since the heat of dissociation of the 
molecule is very large, but it combines directly w'ith hydrogen and 
oxygen on sparking, with lithium slowly at room tem])erature to form 
the nitride LijN (more rapidly on heating), and with magnesium, 
calcium, strontium and l>arium at a re<l heat to form the nitrides MjNj. 
(It should be noted that sociium and potassium do net form nitrides in 
this way). Boron and aluminium form BN aixl AIN at a bright red heat; 
silicon forms ^i 9 N 4 only at a w hite heat. Nitrides of many metals are 
formed by heating the hncly divH]e<i metal, or a salt, in ammonia gas. 
Lithium nitride is decomposed b)* cold w ater, nitride.s of alkaline earth 
elements by hot w*ater, boron and aluminium nitrides on heating in 
steam. Ammonia and the oxide or hydroxide of the other dement arc 
formed : 

MgjN, + 3HjO - 3:iIgO + 2 NH 3 . 

The formal ion f>f magnesium nitrule may l>o shown b}* besting with a 
blowpif)© (lame some magnesium powdor in nilrogoji in I he short limb of a 
bent hard gloss U»be over mereur>'. The mercury slowly rises owing to 
absorption of nitrogen. 

Active nitrofca. — An act ivo form of iiilrogen isobtoino<l byeubieclHJg a 
current of mtri»gen, drawm Ihfvugh a tuba at 2 mm. i»rt«sure, to a high 
tension diseJiurga with a condenser In circuit (Fig. 275). Tlie gas travdbtig 
boy<in<l tlia discharge glows with a y allow light. Active nitrogen was 
djN<*ovcred by Lord Rayleigh in 1 91 1 . A trace of oxygen, mercury vapour, 
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etc., is necessary in its production, although an excess destroys it. It is 
without action on molecular oxygen or hydrogen, but with acetylene it 
yields hydrocj-anic acid- White phosphorus is converle<i into re<l phos- 
phorus, and sodium and mercurj* form compounds at 150*, when exposed 
to the gas. Nitric oxide is decomposed into ^ 


nitrogen and oxygen. 






^l■ 


I— 

rgn 

Fra. S7S.— ProHurtion of 
active nitrogen. 


Lord Rayleigh supposed that active nitro* 
gen is atomic nitrogen. Glowing nitrogen 
probably contains several varieties of tlie 
element, including the normal atom and 
atoms and molecules with various additional 
amounts of energy os compared with the 
normal unexcited states. Piece* of goUl, 
silver, copper, or platinum become red-hot 
and even melt, wlien exposed to active 
nitrogen, without any ehmical action on 
the metal. Debeau (1942) foimd that the preasnre of an enclosed volume 
of nitrogen at (hS mm. pressure rose to nearly twice the initial vnlue 
when the gas was subjected to an elect rodeleas iliacharge. indicating 
nearly complete dissociation of K« into atoms. The chemical activity 
seems to be due to the atomio forms, and the production of the glow to 
collisions between various types of nitrogen atoms and moleculas. The 
effect of traces of impuritiss (optimum about 0*1 per cent) in the produc* 
tion of the glow is attributed to their adsorption on the walls of the 
vessel, thus preventing recombination of nitrogen atoms by collision with 
the surface. In a Oask coated with meeaphosphoric acid the glow persists 
for several hours. 


Compounds of nitrogen and hydrogen. — Nitrogen fonne three wcU- 
dedned compounds with hydrogen : sBuieeia NH^. bydtasine NtHi, and 
bydruoie add N,H. 

Ammonia and hydrazine are basic subshmees, combining with acids 
to form ammonium and hydrazine salts ; e.g., or NH 4 CI, 

N,K 4 ,HC 1 or NjHiCI, and N|H 4 . 2 HCI or NgH^Cl,. Part of the hydrogen 
of ammonia and hydrazine may, however, be replaced by alkali metals, 
forming s.y. NaNU, and HtN*NHNa. Hydrazoic acid is an acid, dis- 
solving metals and forming salts, e.p. NskN,. It combines with ammonia 
^ with hydrazine to form the compounds NH 4 N, (or N 4 H 4 ) and 
N^H^Nj (or N 4 H 4 ), respectively. The ion N,' is univalent. 


AbtMONiA 

History. — Ammonium chloride NH«C1, called so/ ommoniae, appeals 
^ have been obtained in the Middle Agee from volcanoes in Central 
Asia, OP prepared in Egypt from the soot formed on burning camels' 
Quag. Caseous ammonia was obtained by Priestley in 1774 by col- 
lectmg oyer mercury; he called it alkaline air and found that when 
parked it i ncre a s es in volume and a combustible gas is formed. Ber> 
thoUet in 1786 showed that nitrogen and hydrogen were formed in 


5U 


INORGANIC CHEMISTRY 


[CBAP 


<l,is .lecompceition : SXH, = N, + 3H. ; the result tees coufirmed by 
Au&tm Otm. ami ttie formula NH, was eetablehed by Davy (1800) and 
Hcwy (1809). 


Occurrence.— Traces of ammonia occur in the atmosphere : bottles 
con l ai n i ng h ydroch loric acid become coated a fter a t ime with ammoni urn 
chloride. Ammonium chloride NH 4 CI, and sulphate (NH^)^O,. occur 
in volcanic districts ; ammonia accompanies boric acid in the of 
Tuscany (p, 653). Small quantities of ammonium salts occur in plants 
and animals (e.j?. in blood and in urine), in rock salt, in the soil, and in 
natural waters (as nitrite ami nitrate). 

Preparation.— Ammonia is formed from its elements when these are 
sparkcHl together : N, + 3Hj?i2NHj (Regnault, 1640). Deville (1864) 
pointdl out that electric s]Arks both form and decompose ammonia, 
The reaction is reversible and a state of equilibriunj is set up in which 
6 jHT cent of NH) exists with U4 per cent of the uncombined gases. 
If the mixture N 2 *r 3 H} and pure ammonia, respectively, are exposed 
in eudiometers to prolonged sparking, contraction ensues in the 
6 rst case and expansion in the second until the volumes and 
compositions are tlie same. Ammonia is also formed when s 
mixture of nitrogen and hydrogen is exposed to the silent electric 
discliargc. 

In the laboratory ammonia gas is prepared by heating ammonium 
chloride with dry slaked lime : 

2NH^CI + Ca(OH), -CaC4 + 2NH, 4 ^ 2 H, 0 . 

A mixture of 50 gm. of powdered ammonium chloride with 150 gm* of 
powders*! slaked lime gn>und in a nioiiar, is transferre*! to a 250 c.c. desk, 
which is then filled with small lum|« of quicklime. A cork and delivery 
tube leading to a drying tower tiUed witli lump# of quicklime are fitt«<l and 

the flask is hoa(o<l on wire gauss. 
Tha gas is collected by upward 
displatemcnt us it is lighter than 
air (Fig. 276). The jor is full 
when a piece of moist red litmus 
paj^r held near the mouth is 
turned strongly blue. Concen* 
trated 8u]f)huric acid reacts 
violently with the g»»s forming 
ammonium sulphate (NH«)tS 04 i 
aod calcium ohlorkla absorbs 
it forming a compound CaCJ|, 
8NHa. hence these reagents can* 
not be iLse<l to dry ainmotiia. 
Quick! im© or pieces of potaaeium or sodium liydroxicle may be used. 
Phosphorus pentoxide reacia with ammonia gas unices it is already veiy 
dry and pure. 
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Ammoni*. is evolved on heating ammonium aulphate, microcosmic 
salt, or ammonium phosphate : 

(NHJ^O* -NH, + NH4HSO4 

NHiNaHPO^-NHj + HgO + NaPO, (sodium meUphosphate) 

(NHjjPO, -3NHj + H,0 + HPO„ 

but these are not convenient methods of preparation. It is also formed 
when ammonium salU are heated with a solution of sodium hydroxide : 

(NH4),S0, 4-2NaOH •Na^* + + 2NHj, 

or when ammonium chloride is heated with litharge, when an oxy- 
chloride of lead PbCl2,7PbO remains : 

2NH,Cl + SPbO -PbClj.TPbO + 2NHj + H,0. 

A convenient method of obtaining ammonia gaa in email quantitiee is to 
warm the concentrated aqueous solution {liquor ammoniae forti4, ap. gr. 
0 880) in a Bask ; the gaa ia dried with quicklime. This is not of course 
strictly speaking a pnparcihn of ammonia. 

Ammonia U formed by the reduction of some oxygen compounds of 
nitrogen. A mixture of h^xirogen and nitric oxide, a higher oxide of 
nitrogen (but not nitrous oxide) or even nitric acid vapour, passed over 
heated platinum, U reduced to ammonia : 

2NO -hSH, -2NH9 + 2H,0. 

Reduction may be effected by nascent hydrogen. Dilute nitric acid in 
presence of dilute sulphuric acid is reduced by ainc to ammonium 
aulpbale : HNO, + SH aNH)-!- SH^O. Sodium nitrate, or more readily 
•odium nitrite, is reduced by zinc and hot sodium hydroxide solution, 
giving pure ammonia. Aluminium may be used instead of zinc, but 
nitrates are most easily reduced in alkaline solution by powdered 
Devarda's alloy, containing 4d parts of aluminium, 50 of copper and 
5 of zinc. This method » used for the determinstion of nitrates or 
nitrites, the ammonia being distilled into standard acid. 

AnuDonia is evolved on heating organic matter containing nitrogen 
(Horn, bones, etc.) with #odo*ltm< (prepared by slaking quicklime with 
sodium hydroxide solution and heating till dry), and ammonium sulphate 
is formed when organic mattw conteiniog nitrogen is heated for some 
tune with concentrated sulphuric acid {Kjtldahl's mtihod for the determina- 
tion of nitrogen). 

Piopsrdes. — Ammonia is a colourless gas lighter than air, normal 
density 0*7708 gm./lit. (Moles, 1034, found 0*7714), and fairly easily 
liquefied by cold or pressure, forming a colourless liqtiid, b. pt. - 33*4^, 
freezing at a low temperature to an ice-like solid, m. pt. -77 '7^. The 
critical temperature is 132*5*, the critical pressure 112*3 atm. The 
liquid may be obtained by cooling with a mixture of ice and crystalline 
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calcium clilorUlc ; it is produced on a large scale by compressing the gas 
itjlo steel coils cooled with water and is sent out in steel cylinders as 
anfii/drous amnionitt. The gas has a characteristic pungent smell, and is 
readily soluble in water (1 U8 vols. in 1 vol. of water atO’ and 739 at 20®). 
The solubility of ammonia in water obeys Henry’s law only above 100® : 
all tfie gas is ex|>elled on boiling a solution. 

TJie solubility of ammonia gaa may be demonstrated by the foimtain 
exjieriment (Fig. J23). retl litmus solution being used, which is turned blue 
by the umnionin, which is alkaline. 

Tiic nejueous solution of ammonia is prepared by passing the gas into 
cold di.stillcil water ; the flask must be kept cool by running water over 
t)ic outside since a con^^idcrable amount of heat is evolved. The liquid 
also expands considerably. 


Specilic gravities of aqueous ammonia at 15*9®. 


•Sp. gf. 

%XH. 

Sp. gr. 


0H7o 

3G*90 

0*950 

12*74 


35*20 

0*960 

9*95 

0*890 

91*93 

0*970 

7*27 

0*900 

28*50 

0*980 

4*73 

0*910 

25- 15 

0*990 

2*91 

0*920 

21*85 

0*992 

1*84 

0*930 

18*69 

0*996 

091 

0*940 

15*65 

0*998 

0*45 


The aqueous solution is alkaline: NH, + H‘ + OH' -NH 4 ' + OH'. 
By strong cooling, the cryalalUne ht'drates (m. pt. -TO'C)*) and 

2XHj,H,0 (m pt. -78*9®) arc obtained. A crystalline comi»und 
is fortned by the action of ammonia on cold concentrated 
hydrogen |)cro.xidc. 

It I 1 Q.H been supposed tliat ammonia sohitioru contain aminonium 
hwlroxide.XH.OH.o weak baseof the same strength as acetic arid {p. 300), 
together with free XH,: XH,OH aa NH,’ + OK'. The weakneaa of NH*OH 
{aUo uf amines) may lie due to removal of OH' ions, by 1 1 10 lone puir of 
elect r<»ns on the oxygen forming a covalent link with tlio hydrogen attached 
to nitrogen : 

(R,NH)* + OH- = B,NH<-OH (R = CH 9 . C,H„ etc.). 

Oualcmary atnmt*Jiium bydroxUles. wiili no H attached to N. connot 
fortcj such covalent comjwunds and are ix>werful bases : (R,N]^ + OH". 

Ammonia is soluble in alcohol : I litre of alcohol dissolves 130 gm. of 

^*?f am?nonia gas is passed over heated potassium or sodium, one- 
third of the hydrogen is replaced by the metal, and potasssmMe KiSMj, or 
sodsmide NaNHj, Is formed. These arc white solids when pure. Ihcy 
contain the univalent amino group, -XH,. 
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Vass •mmonia, aried over tiuicklinio or caiistic aoda. over a piece of 
Dowssium heated in a hanl-gUisa bulb tube. Tlio moui boils, em.ttmg a 
vapour, ami reaction then begins. Tho hydrogen evolved may ba 
kuidled at tho end of the tube, and o brown muss of impure [)oUssamide is 
left in the tube : 2K + 2NH, - 2KNH.4 Hj. 

The alkali metal amides arc violently decomposed by water, with 
evolution of ammonia : NaNHj + HOH s*KaOH -h-NH,. 

The bivalent imiiio.group=:NH is known in organic compounds and in 
tlte orange-red soliil e.^ploaivo kad iinide. PbNH. formed from potaasamide 
and load iodide in Ur|uid ammonia : 

Pbl, + 2KXK,» PbNH + 2KI + NH,. 

Ammonia is not combustible in air and does not support combustion, 
but the flame of a taper licforc it b extinguished in the gas is sur. 
rounded by a large greenish .yellow flame, due to decomposition of 
ammonia by licat : 2NH, - N, + 3H,- and combustion of tlie hydrogrn, 
Ammonia gas burns in oxygen with a preenish.ycllow flame, and a 
mixture of ammonia and oxygen explodes 
w hen k indled : 4 N H, + 30^ * OH jO + 2 N 

pQSS a current of ammonia througli a tube 
surrounded by a wUler tube through which 
oxygen is pesslng (Pig- 277). If a lighted taper 
is held over the tubes, the ammonb bums with 
a largo. three*coned, yellowisli flame. 

In contact with heated platinum, a mixture 
of ammonia gas aiKl air or oxygen b cataly'ti- 
cally oxidised to nitric oxide. 

Pass oxygon tlirougli a little concentrated 
ammonia wanned in a 200 ml. conical flask, and 

suspend a red .hot spiral of platinum wire in the 277, Combustion of 

flask. The mixture of ammonia and ox>*gon ex* emmonia in oxygen, 

plodes feebly : 4KH, 4^ 20, s 6H,0 + 2Nt. Tlie 

wire coob owing to combuation ceasing, but after a aliort time the wire 
again becomes red.hot, and there b another explosion when the gas 
mixture b renew'ed. During oxidation witliout explosion, red oxides of 
nitrogen and white fumes of ammonium nitrate are formed : 

4KH,4 50|«4K0 + 6H,0 
2N04.0,s2K0, 

4NO,-^ 0, + 2H,0 -r 4NH,= 4KH4NO,. 

A jet of oxygen can be made to bum under the surface of the ammonia 
solution. 

Aceordiog to $chlumberger and Piotrowski (1914) mixtures with air 
containing 16*6 to 26 >3 per cent ammonia can be exploded by an electrio 
spark in a spherical gla» vessel. B«1 and Bausoh (1929) found that only 
the mixture with 21*9 per cent ammonia (4KH,-f 30,) can be exploded by 

s 
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4 heated silver wire in a metal eonlainer at atmospheric prcswure : at higher 
preasuros. mixtures on both sides of this composition are explosive. 

Ammonia gas may be detcctcU (1) by its smell, (2) by the blueing of 
moist red litmus paper, (3) by the white fumes of ammonium chloride 
formed around a gloss rod dipped in concentrated liydrochloric acid, 
(4) by blackening a piece of paper dipped in mercuroua nitrate 
solution. 

Ammonia gas reduces many heated oxides of metals {e.g. CuO, PbO ; 
with copper oxide some nitric oxide is also formed, see p. 51 D). 

3PbO + 2NH3 .3Pb + Nj +3HjO. 

Ammonia is readily absorbed by calcium to form CafNHs)* and by 
dry silver chloride forming the compounds AgCUNHa and 2AgCl,3NHj. 
If the silver com|)ound in one Nmbof a bent scaled tube is gen tty heated, 
liquid ammonia collects in the other limb immersed in a freezing mix* 
t ure. On al Ion ing the si t ver chloride to coo) the ammonia is reabsorbed . 
Ammonia forms compounds nith many otlier metal salts ; these usually 
<)ecompose easily on warming, evc^ving ammonia. 

Ammonia is not easily decomposed by heat, es[>ecialiy if diluted with 
a n i nd ifferent gas. It is decom }>oscd by ul t ra* violet 1 igh t and by rad i um 
emanation. 

Tbs composition of ammonia. — On prolonged sparking of ammonia gas 
in a eudiometer it is decomposed into nitrogen and hydrogen, and the 
volume is nearly doubled (a little ammonia remains undeconif>oscd, see 
page 514). If oxygen is now added and a spark passed, or if the 
mixture is passed over palladium at 200^. water is formed and two* 
thirds of the contraetion is equal to the volume of the hydrogen. 
(The composition of ammonia cannot be determined by exploding 
the gas with oxygen, since part of the nitrogen, up to 10 per cent, is 
also oxidised.) 

Twenty c.c. of ammonia ex|>andcd to 40 c.c. on sparking. Oxygen 
wa.s added t i) 1 1 he vol umc was 1 57 c.c. A Ocr passi ng a spark tlie volu me 
was 112 c.c. contraction on explosion with oxygen «43 .\ volume of 
hydrogen ■ | x 45 -30 volume of nitrogen - 40 - 30 ■ 10. Thus I vol- 
of nitrogen 3 vols. of hydrogen - 2 vots. of ammonia. 

From Avogadro’s h^'pothesis, it follows that I molecule of nitrogen 
and 3 molecules of hydrogen form 2 molecules of ammonia. Hence 1 
molecule of ammonia contains { a molecule {) atom) of nitrogen * and 
I molecules (3 atoms) of hydrogen, and the formula is Tiiis may 
be confirmed by the density of the gas. which sIiowh that the molecular 
weight is 17. 

• Thft ratio of *podfic lioau of nitrogoo wwl ol hydrocon. » 1*5. the 
valuo for a d latomie aas. end I f I ho atomic weight# arc known l be* Hen*it lea load to 
the fojTDuIai H| and N,. 
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On electrolysis of a mixture of 10 voU. of saturated sodium chloride 
solution and I toI. of concentrated (sp. gr. 0-880) ammonia solution, 

I vol of nitrogen gas is evolved from the anode and 3 vols. of hydrogen 
from the catliodc. 

The composilion of ammonia may be demonstrated by 

Hojmann's txpirimenl. 

A loi« tube (Fig. 278) » cUviiled below tlie stopcock into three equal 
volumes by rubber bands en.l U filled with dry ehlorine. The tube 
above the stopcock is one* third fiUe<l with con- 
centrated emmonia aoluiion. which is cautiously 
atUled in small portions to t!»e chlorine, the 
tube being cooled by water. Each ad<lition 
of ammonia reacts with a yellowish ‘green flame 
and the format ion of white clouds of ammonium 

chloride : SCI, * CHCl -i* N, 

HCUNH,*NH,a. 

The fumes are waahe<] dou*n by ahnkiitg and 
dilute sulphuric acid is adde<l to fix the excess 
of ammonie. 

Tlie tube la cooled by immersing in a large 
cylinder of water and tlte uppw part above the 
tap is fitted with a cork and siphon tube dipping 
into water, the whole being filled unth water. 

On opening the tap water runs into tlie long tube 
and it is found that the resUhial nitrogen occu|mos 
1 vol. 

Tlie 3 vols. of chlorine have combined with 3 
vols. of hydrogen from the ammonia to form HCI. 

1 vol. of nitrogen is combined in ammonia 
with 3 vols. of h^rogen. Hence Uie formula 
is In this case a density determination b required to show 

that Ssl. 
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In the gmrimtiric <tnaly4is a measured volume of dry ammonia gas, 
the weight of which under the given conditions may be calculated from 
the density, is passed slowly through a hard glass tube containing red- 
hot copper oxide follou*ed by copper turnings heated to bright-redness 
to reduce oxides of nitrogen : 

SCuO 2NH, 9.3CU + N, 3H,0 
5CuO -f 2NH»-5Cu +2N0 + 3HjO 
2Cu + 2NO-2CuO*hNj. 

The water formed is collected in weighed calcium chloride tubes and the 
^ight of hydrogen calctilated. The nitrogen passing on is collected in 
a weighed exhausted globe. In this way the weight ratio N : H is 
found to be 14 : 3. This is in the ratio of 1 atom of nitrogen to 3 
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moms of h,\*<)rogcn, hciicc tlic form ii I a is (XHj),. Tlic volume of 
nitrogen collected occupies katf the volume of Hie animonia taken (pres- 
sure and teni{iernturc being the same), lienee The formula is 

confirmed by a density determi nation. (Tbc apparatus of Fig. 274 may 
be adapted to this exjieriment.) 

The manufacture of ammonia. — Ammonia (and ammonium salts) are 
made on the la^c scale by three processes. 


1. From the aMi/iontmvrf tHjuor i>biaine«l as a by'pro<luct in the manu- 
fachiro of coal or Hie carbonUaiUm of coal in recovery coke-ovens. 

Most of (he amnion in U now ma4la from atinosplieric nitrogen : 

2. by the ey<iitomifie prveeti, 

3. bv direct from nitrogen and liydrogen. This is ttie most 

important me(ho<|. 


By-product ammonia.— Ammonium salts, especially ammonium 
s ul ] >h a t e , are reco v ere<l as liy • ] »rod ucts in t he manu fact ure of gas or coke 
from coal. Bituminous coal contains about 1 per cent of combined 
nitrogen, part of which is recovered in earlwnisation, mainly as 
ammonia although a little hydrocyanic acid, HCN, is present. The 
average yield of ammonia in gas-works and coke-ovens is 20-23 lb. of 
ammonium sulphate |ht ton of coal, less than 20 \tct cent of the 
nitrogen in tlie coal. Most of the nitrogen reninins in the coke, and 
a total recovery of 60 j>cr cent of the nitrogen in the fuel may be 
obtained by carbonising in a current of steam or by blow ing steam 
through the coke. 


Amtnoniacnl li<juor contains tar nncl orcanic com|»oiuid*. free ammonia, 
anil ommoniuni salts of two kinds: (M <loc<im|K»o<l by boiling 

alone. e.<J- ammonium carlionaies. sirljiUiilo u»d hydrosulphido. cyanide, 
on (I acetoteH): (2) Fixes/, not deeomjxiwxl by boiling but decomposo«l by 
limo, «.?. ainmonium 8ul|»liate. sulphite, tliiosulpliaie. thiocarbunata, 
chloride, thiocyanate, and ferrocyanide- Tlw total nmnioiiia may bo about 
17 gm. per litre. 


Thf ammonia ia recovcml by means of uniaom* slilli, in wliich tlic 
li„uor ia hoatod by steam to drive out H.c and volatile ammonia, 
and the residue is then treated with milk of lime and additional steam 
to decompose the fixed salts ; 

NH,HS^NH,*H,S 
2NH ,C1 + Ca(OH). - 2XH, + CaCl, + 2H,0. 


A tvnicel still is sIio«-n in Fig. 279. It eonsista of »n iron column 
Uining^porforatcl i.lslca. tl.e liolc. Isiing oorercl willi eap*. In tto 
m w part the emm.miaeal liqu.ir « treated w.lli slei.m ,,a^l in at to 
^ ' .ml asceodins througii tto column lo drive call the volatile omnioniK , 
.'o? to ate^ UromLaed in tl.e upper ,»rt. Jlilk of limo lamlded m 

L middle l^rt. and Iho sludge to ^ out at the ba-ae. The 

ammonia setfree by tto lime is dnv.... out by the steam- 
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The amiponm ii bubbled into CO per eont eulphoric acM in o le^U 
lined Unk, when crysUU of Munoaium ndphale separate; these after 
drsinlng contain 93-99 i>er cent of 
(NH 4 ),S 0 * with a little terry matter 
and free acid. If the ammonia gaa ta 
paase<l tlirough e washer conuining 
milk of lima to remove hydrogen auU 
phide, and then through charcoal or 
a heavy oil washer to remove tarry 
matter, it may be dissolved in water 
to form a solution. Usually ** 25 per 
cent Uqtior *’ is made ; the special 
strong liquor of density 0*880 (35 per 
cent NH>) requires very careful cooling 
in iW preparation. The ammoniuin 
sulphate is nearly all used in agricul* 
ture as a fertiliser. 

Attempts have been ma<le to re- 
cover ammonia from crucle coal gaa by 

psM i ng it titfough su Iphuric acki w iti tout pro v ioua clsj >oaition of ammonmcal 
liquor. This direct process is woi^ted in connection with coko-ovens. 

The cyanamide process.— In this process nitrogen gas is passed over 
crushed calcium carbide, heated at 1 100^ by carbon rods heated electri- 
cally inside drums of carbide, or by raking the caibide mixed with some 
calcium chloride or fluoride continuously through a furnace heated 
with electric arcs. Calcium cyanamide mixed with graphite is formed 
os a dark grey mass called *’ cyanamide '* or ’* nitrolim ; CaC| + Nj • 
CaCN,+C. 

Calcium C3*anamide is a derivative of cyanamide. the amide of cyanic 
acid (i.s. cyanic aci<l in which hydroxyl is replaced by the amino*group) : 

OHCN NHi-CN CaNCN 

CmiUc add CrsMflUdc CsMum 

When calcium cyanamide is heated with water under pressure, 
calcium carbonate and ammonia are formed : 




Fio. 279. — Ammonia still. 


CaCK, + 3HtO -CaCO, + 2NH,. 

The “ cyanamide '* is agiUted with cold water to remove unchanged 
carbide, and thon stirred with water and a little sodium carbonate in large 
iron autoclaves (t.c. pressure digesters) into which steam is blown until the 
pressure rises to 3-4 atm. The pressure then rises automatically to 12>U 
atm. owing to production of ammonia, which is blown off with some stearn 
through condensers, the solution formed being heated in a still with steam 
to drive out the ammonia gas. 

Finely .ground “ cyanamide *' is also used directly sa a fertiliser, decom- 
position with formation of ammonium salts taking place in the soil. 
Calcium cyanide is produced by fusing ” c>*anamide " alone or mixed 
with common «dt In an electric furnace : CaCN,-rCsCa(CN>|. By the 
action of dilute sulphuric acid on cyanamide *' urea is formed : 
NC-NH, + H,0 s CO(NU,),. 
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Synthetic ammonia .^Tlte direct combination of nitrogen and 
fmtro^Tn U used on tlie technical scale in the Hab«r process (lOOo) for 
the synthetic production of ammonia. Since the volume decreases 
in the reaction: N. the amount of ammonia formed 

^ in cr|uiii brill in will increase uith 
1 ^ the pressure. Heat is evolved in 
the reaction, hence the amount of 
ammonia in equilibrium uil) de- 
crease with rise of tcmi>eraturc. 

The mixture of nitrogen and hy* 
tirogon, which must be very pure, is 
circulated by puin])S under 100*200 
atm., or lOOO atm. pressure in 
Claude’s process, overa lieatctl cata- 
lyst (oUU^). which may be iron with 
' promoters,” usually aluminium 
oxide and |H)tas.sium oxide. The 
ammonia formed in each circulation 
is rcmovc<l by cooling and llqtie* 
faction under pressure, or by ab* 
sorfition in water, The argon in 
the atmospheric nitrogen is blown 
off from time to time with some of 
the mixture of nitrogen and hydro- 
gen, The iwrcentages of ammonia 
by volume present i* ??«,'/, at various temperatures and pres- 
sures arc given in tlic table below. 

Wlien tlie plant is workina at an economical rale, llie gns does not rernam 
in contact with tbc catalyst Ioab cnoogl. to all..w «p,ilil>riiim to bo rwrlio.1, 
g., tl,at the conversions arc smaller timn these. The same ci>n8..lernl.ons as 
ti> the cflect of icrnpcmturc on crpiiUbrium aii.l reaction \-oloeity apply hero 
as in the ease of the inanufacturo of sulphur inoxi.lo (p. 4, 1 1. 
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K(o. 28iK— SynlMir ammonia 
a|iparotua (diHgTammaiic). 



10 

too 

400'’ C. 

$-85 

25 

450 

2-1 

16-5 

500 

1-2 

10-6 

550 

076 

6-6 

600 

0-5 

4-5 

700 

0-23 

2-2 


900 

JOOO aim. pret^uro. 

47 

60 

36 

70 

2C4 

57-5 

19 

41 

14 

31-5 

7-3 

13 


The hvdrogen is proparct electrolytic.lly or from water j^a or by 
licioefyine tl^ more condensible ga.ses m coke-oven gas (p. 

m:::r.f car^ — lao .d 0.0.,, 

formed by passing air li.rough a mass of rod-hot coke . 

(4N.-tO,)-t2C-e4X,-t2CO. 



HYDBOXYLAMINE 

Waur gas b a mixture of hydrogen, carbon monoxide, and carbon 
dioxide, formed by passing steam through a mQ.<« of red-hot coke : 

C + H,0 = C0 + H, 

C + 2H,0 = C0, + 2H,. 

A luiuble mixture of producer gas, water gas. and steam is ^vor 

a heated catalyst consisting of ferric oxide with promoters (chromic oxido. 
etc.), when the carbon monoxide U nearly all removed by the reaction ; 

CO + HtOeaCO,*^H^ 

The carbon dioxide and residual carbon monoxide are removed from the 
gsa as described on p. 165. and the dry purified mixture of N,+ 3H, is 
compreesed and passed to the ammonia syntheais apparatus. 

The caUlyst vessels are of chrome steel (hydrogen permeotca heated 
carbon steel), internally heated by electricity. The ammonia may be 
liquefied for use in refrigeration plant, or disaolved in water, or converted 
into ammonium sulphate by the calcium sulphate procees, in which 
ammonia gaa is dissolved in a suspension of anhydrite (CeSO^) in water, 
and carbon dioxide is passed in : 

CaSO, + 2NH, + H,0 + CO,-CaCO, + (NHd^O*, 

The solution of ammonium sulphate is filtered from the calcium carbonate 
and evaporated. Crystallised ammonium chloride is made from syntlietic 
ammonia by the ammonia*soda process (p. 691). 

HydrozylamUM.—Hydroxylamine NHtOH was discovered by Lossen 
in 1865. Its salts may be regarded as ammonium salts in which the 
ammonium radical NH* U replaced by the hydroxylaminium radical 
NH,(OH). They are often formulated as addition compounds of 
hydroxylamine and the acid, e.g. NH|OH,HCl instead of NHj(OH)Cl, 
Salts of hydroxylamine are obtained by r 

1. The reduction of nitric oxide with nascent hydrogen ; 

NO + 3H-NH,OH. 

Nitric oxide is passed through flasks containing granulated tin and con- 
centrated hydrochloric acid. Reduction occurs to bfdrozjlami&e bjdrochlorida 
NH,OH,HCl (or birArexylanumuB ehleriSa Nlf»(OH)Cl) and ammonium 
chloride KH^Cl. According to Divers, an, ammonium salt is not formed 
in complete absence of air. The solution is treated s'ith hydrogen sulphide 
to precipitate tin os sulphides, filtered, and evaporated to dryneaa. The 
residue is extracted first with cold and than with boiling absolute alcohol, 
which disaolves the hydroxylamine but not the ammonium salt. Hydroxyl- 
amine hydrochloride is then precipitated from the alcoholic solution 
by eth«. • 

2, The reduction of ethyl nitrate by nascent hydrogen : 

+6H -C^HjOH +NH,OH + H^O. 

Thirty gm. of CtHtNO», 120 gm. of granulated tin, and 40 gm. of HCl (sp. 
gr. 1'12) ore mixed, when reaction occun spontaneously. The solution is 
treated as in ( 1 ). 
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3. The electrolytic reduction of nitric acid {Tafcl, 1902) : 

HNO 3 - OH * XH.OH -f 2H,0. 

A L’tioled Ie4i<l atxHle U scjaarotetl by a ]>oroiis |K)t from an a!nal(;amate<l 
lea«l Iwaker sers inp as a caibocle, ihe whole bcinR ciM)le«l by ico. Fifty per 
cent sxdpliiiric acid is |>Iace<l in each compartment, atid 50 per cent nitric 
Aciil A<lde<l drop by <ln>p l« tl»e callKxle c«>mj»ariRjeni. HydroxyUmine 
sulpliato (NH,OH)„H,.SO* is formed. By precipitatini: a solution of this 
with barium cliloride. hydroxy lamine hydrochloride is fonnod : 

lN’H,OHh.H,SO, - Ban, = 2(NH,OH.Hn) + BaSO*. 


4. Tlic interaction of nitrites and acid sulphites in solution (Raschlit, 
18S7), The reaction occurs in three stages. If the hydrogen in the 
NHg group in hvdroxyloniine is repbccti by the group 80,11 or 
H , which is the radical of the sulphonic acid form of sul- 

phuroUH acid (p. 460) H'SO, OH, then kydxojtyJamJae inooosulpbOBic u\i 
kH(SOjHVOH and bydre*yl»»iae KlSOjHj-’OH arc 

formed In the reaction sodium hvdroxy lamine disul)>honate is first 
formed, and this w then hvdrolysetl with the formation of sodium 
hydroxylamine monosulphonatc and tiien hjxlroxylaminc : 

(а) KaNO. ♦ 3NaHSO, - H0*N(80,Na>, + Na^SO, 4 H^O 

(б) HO'N(S6,Na), + H,0 - HO*NH(SO,Na) 4 KaHS 04 
(c) HO NHlSOjXa) + H,0 - HO NH, 4 NaHSO*. 

Siilpl.ur <li..xi<lc i* *'«•'» !-«*•> "“> “ '•'"•cf'lrnte.l tolulion of 2 mol. 
of emmeroi.! XaNO. ar..! I mol of X..CO. at - 2*. w.tl. 
until just aci.l. The ».l.ilion. eontaming w-imm hj-<|roxjlornm« <lia"l 

phonalo. i» warme.U i«h a few <lf«p. of.iniilc.olphuric aeul. when 

o .CHlium hy-lroxylamine monnaulphonate oee..r» It » then kept at 90 - 
05' for two tiay.. when hy.iroly.- to hytlroxylaintnium 
(XH OH),SO. occurs. It la neutralised with aod.um carbonate, 
o small bulk! an.l eoele.1. when Glauber's «lt X.r'':O,.l0H.O cr5-. nl .s-. 
The nitrate on further evaporation .lei««its hydn.xylnm.n.um sulphate, 
which is quickly reeryelallise.1 from water. 

Aubyaroo. l.yd...,l.nua. was pirpared by Lobry tie Bruyn (1S91) ^ 
addins a solution of sodium melho.xidc m metbyl alcohol “ 

bv diLlving sodium in Ihe aleohol) to a solution of hydroxy amm 
hvdroehloride in n.ethyl aleohol. filtering off the sodium cli or.de. and 
SistilUng under reduced pressute (40 mm.), when methyl aleohol first 

distils and then hydroxylamine ; 

NH,OH ,HCI 4 CH,OXa - XH.OH ^ CH,OH + NaCl. 

It also erystallises on cooling the filtered solution to - 18“ (l^her an 
1922). 

naam .wenared the compound of hydroxylamine with .im 
C rismer (1890) j^repArcti '• i hvdroxyliiniinmm 

.r I 7r.ri 2VH OH by b»)ilmg ziue oxiHe with 
^hwlt ^ -’.1 distilled I. U. .20% either alone or mixed with 
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anUine. UWenhuth (1900) hea(«J hydroxylaminium phosphate at 135^ 
under 13 nun. pressure : 

(KH,OH),PO,* 3NH,OH + H,PO,. 

Pure hydroxyls mine forms colourless, odourless, very deliquescent 
scales or hard rhom bic needles , s p . gr. 1 *35 , m -pt. 33*. 1 1 may be distilled 
under reduced pressure (55*-58*/22 mm.) but explodes when heated at 
ordinary pressure. The vapour explodes at 60*-70* in contact witli air, 
The vapour density corresponds with the formula NH,OH. The solid 
slowly decomposes above 15*. evolving nitrogen, ammonia, and nitrous 
oxide ; solutions containing up to 60 per cent of hydroxylamine also 
slowly decompose : 

3NH,OH -N% + NH,4 3H,0 

4KH,OH -N,0 4 2NH, + 3H,0, 

The solution is a weaker base than ammonia : 

NHjOH 4 H,0 NHjOH* + OH' 

and precipitates hydroxides of many metaU (Al, Zn, etc.). The salts 
arc hydrolysed in solution. 

Hydroxylamine and its salts in solution act as powerful reducing 
agtnts. They precipitate red cuprous oxide from FehUug’s solution 
(p. 726). purple metallic gold from gold chloride, and in acid solutions 
r^ucs ferric to ferrous salts. The hydroxylamine is oxidised to 
nitrous oxide : 

2NH,OH 44CuO • NtO 4 2Cu,0 43H,0 
2NH,0H 44Fea, -N,0 4 4PeCI| 44HCI 4 H,0. 

In alkaline solution, hydroxylamine oxidises ferrous hydroxide to 
ferric hydroxide and is reduced to ammonia : 

2Fe(OH}| 4 NH 4 O 4 H,0 -2Fe(OH)| x NH,. 

The salts on heating with nitric acid evolve nitric oxide : 

NH 5 OH 4 HNO, « 2NO 4 2HtO. 

When mixed with a solution of a nitrite and acidified, they evolve 
nitrous oxide. Hyponitrous acid is formed as an intermediate product : 

HONH, 4 ONOH - HON:KOH 4 H,0 -N,0 4 2H,0. 

Kltrow ft<41 Un*>BltreM 4cf«l 

In absence of water hydroxylamine can act as a very feeble acid : with 
lime it givea HOCa O*NH,. and with calcium (HtNO)»Ca. both explosive 
on heating. Fulminic acid, C:N*OH. on boiling with hydrochloric acid 
gives hydroxylamine. U a solution of a hydioxylaanine salt is mixed 
with sodium nitroprusside soluUon and a little sodium hydroxide, a red 
colour appears on heating (teat). 

Ni^gen trichloride.— Dulong (18U) by the action of chlorine on a 
solution of ammonium chloride obtained a yellow oil widch was violently 
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ex])!(»ive. He lost an eye and tlircc finjrcrs in the research. Pulong did 
not publish Ids work ; an abstract of it by Tlienard and BerthoUet 
ap}iearc<l later. In the meantime Davy (1813) obtained the compound 
l)Y tlie same method, and eoncltidetl ()iat its formula was NCI4. Balard 
( 1K34) prepared it by the action of hy|K)chlorous acid on ammonia, and 
Kolbo (1847) found that it sc]mrates at the anode in the electrolysis of 
ammonium chloride solution at 28^ The substance is nitrogen tfi- 
chloride, NCI 3 : ^ ^ ^ 

XH, + 3HOCI «« NOj + 3H,0- 



Nitrogen trichloride may be prepore<l by inverting a flask of chlorine 
over a 25 per cent frwlih*-prepar^ sohition of ammonium chlori<le, a 
lead saucer being placed under the mouth of the flnsk (Fig, 281). 

tAccor<lmg to Koyps, ammonium 
sulphate solution gives lieiter re* 
suits than ammonium chloride,) 
Tlie chlorine u abi*orl>cd aiui <nly 
drops of nitrogen trichloride float 
on the surfac’e of the solution. 
These fall into the lead saucer, 
whic'h shoukl l>e rcmove<l when a 
little liquid him cullecteil in it. 
II a little tiir])entine is passed by a 
long pipette into the flask, covered 
with a strung box, a violent cx* 
plosion resulto. the gloss being 
completely slmitcred. The drop 
of oil in the dish also explodes 
violently w'hen touched with a 
feather dipped in tunMntine. 
This tTperhuenl is dangerous and 
sheukJ not 6 c tnitde 6y a student. 

A soUition of nitrogen trichloride 
in berxicne is formed by aeirfifyirxg • e-.luti-Hi of blcaehing powder «ith 

Hydrocl,l..ric scd. ed.linK ..nr..<.r.i<i-n eblof..le. ®"'‘ 

trichloride vapour has an imiatmg smell and attacks the e>c*, 

«nlodM wlier. t«rute.l to .bo..t 100% by sh-wk. m .l.recl sunlight, and in 
with pliospboros. many oils (incUulmg tnr|H.nl,n«). fusod 
poush, phosphine, rubber, and nitne o*h1c. 

found that the oil has the formula NClj if the 
JoTo" iK’pS'U. bu. the oh.orin.tion of ammonia pro- 

cecds in three sUges : 

NHj +CI.«NH,CI (meatM:biefSiiutts) + HCl 
NH,C1 + O] * NHCI, (Orthlersiiiiae) + HCl 
NHClj + Cl, =» NCI, (tncwofsjniae) + HU. 


Fio. 281.— Preperetloft of nilrogoo 
trichloride. 
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nitrate, The percentage of chlorine was found to be 89*1 : NClj 
requires 89*17. 

Monochloramioe NH,Cl U forme<l as unstable colourleaa er^stels, m. pt. 

- 66*» when ammonia ami sodium hypochlorite are mixed in aolulion in 
©quimoleculer proportions. Uie liquid U distiller! in a vacuum, the %'upour 
dried with K,COa and eonclonse<! in liquid air : NaOCl + KH, = KoOH + 
NH|C1. DicUoramiaa NHCI, » obtalne*! in solution (Chapin. I929J by the 
action of chlorine on a solution of emmoniiiin sulphate l>uffere<l to an 
acidity of pH 4-5 to 5, when it is the sole product, and also by the acUlificu- 
tion of monochloramine solution. Monobromaoiifie NH,Hr anrl dibromaaiAS 
NHBr,. are formed by the action of ammonia cos on a solution of bromiao 
in ether 5 2NH, -► Br, = NH,Hr -f NH^Br. and NH,Br+ Hr, * NHBr, f HHr. 
By the action of NCI, on KHr, Millon obtained a dark-re«l volatile explosive 
oil, possibly aitrena Cribremidt NBr,. Nitrogen Influerida NF, is a colourless 
rather inert gas. b. pt. >119% obtained by tlie elect rtil>'ais of fiisc<l 
NH,HF, j when mixed with hydrogen and kindled it explotles violently, 
giving nitrogen and hydrogen fluoride (Ruff, 1928}: 2NF, -rSH,* 
N,-f 6HF. 

Nitragen iodide. — By the action of iodine on ammonia solution 
Courtois (1812) obtai n^ a bla ck cx plosi vc powder. Th is was e xom ined 
by Gay*Lu 8 sac and by Davy (1814). w*ho showed (hat it contained 
nitrogen and iodine- Gladstone (1851-54) gave It the formula NHIj, 
whilst Gay-Lussac, and Stahlschmidt (18113}, considered it to be NI^. 
Bunsen (1852). by mixing alcoholic solutions of iodine and ammonir, 
obtained i.e. Nl,*NHj- Stuhay (1893) by susjwiding iodide 

of nitrogen '* in water and adding ammoniacal silver nitrate solution, 
obtained a black explosive powder which he stated w'as NAgI,, and 
hence he supposed that nitrogen iodide is NKl,. Chaltawny ( 1000 ) 
found, how'ever, that the first product of the action of iodine on aqueous 
ammonia is a dark -red erystalline compound, Nl,*NHa. and hr con* 
Armed the observation of ^livanoff (181H) tliat h>']>oiodous acid is the 
flrst product of the reaction, reacting w*ith more ammonia to form 
iodide of nitrogen, possibly by decom|)osit ion of aroinonium liypo* 

• ( 0 ) NH 4 OH + 1* - NHJ HOI 

(b) NH.-i-HOl-NH.OI 

(c) 3NH,0I ea NjH,!, NH^OH + 2HjO. 

Tritumte gently I gm. of iodine with concentrated ammonia. A black 
powder is formed, w’hic)i is flltere<l off. and is fairly stable w-hon moist. 
The fliter-paper is tom into a ntimber of pieces, w-hich ore allowed to dry 
spontaneously. If one portion is touched w*ilh a stick, it 6X|)lo<lf« — some- 
times spontansous explosion occurs. If two portions are close together 
and one is exploded, tho sliock brings about the explosion of the other 
portion. Violet fumes of iodine are evolved : 

8KI,NH,= SN,-*- 91, + ONH4I. 

If a solution of iodine in KI is added drop by drop to a solution of 
ammonia, with shaking, the ]i<|uid at flrst remains clear an<i gives the 
reactions of hypoioflous acid (c.g. a brown preeipiute wiUi MnSO,). On 
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further adiUtiun of uHline. a black |>nH*i|>itaie of irxJide of nitrogen is 
formed. If a lar^e uinmint concent raieil animoiua is added this ro« 
<lissoives. Hhou'ing thnt reticlion (r) nhove is rev'crsiblo. 

Nitrogen iodide is decomposed bv sodium sulphite : 

N.HjIa + 3Xa^S0, + 3H,6 -3XajSO, + 2NH,I + HL 
The free acid may l>e titrated with baryta and the iodide with silm 
nitrate, and so the composition determinwi. Silberrad (19(15) con- 
firmed the formula by the action of zinc ethvi on the sub'll a ncc : 

NI, NH, r 3Zn(C.Hj), »3ZnCjHsI + NH^ + N{C,Hj),, 

He showed that Szuhay s compound is NIj-AgNHj. 

Nitrogen iotlide is an active oxklisinB agent, oxidising sidphites to 
sulphates, arsenious acid to arsenic acid, etc, Each atom of UKline )ias 
an oxidising effect of an atom of oxygen, oa in hypoiodous acid HOI. 

Nurogeo tri*lo4ide NI] is oblahked by the action of gaseous ammonia 
0 n K I Br^ . an( 1 rema i ns as a bla ck resid ne on qn ickly u osh ing wi 1 1 1 wa ter : 

KlHp,faKBr + IBr ; 3IBr ^4XH3 -NI, -SNH^Br. 

Hydtazioe.— Hydrazine. X,H|. preiiared by Curtiiw in 1SK7 from 
organic compounds, was obtained by Raschig in 19U7 by the action of 
sodium hypochlorite on ammonia solution in thepresemr ofa lit tie glue. 
Monochloraminc» first formed, reacts with ammonia to form hydrazine : 
XH, + XaOa - XHjCI + XaOH 
NH, T XHjCI - XH, XH, + HCl. 

To 200 ml. of 20 percent nmmonin add 5 ml. of I |)er cent dilution ofglue 
an<i 100 ml. of freshly made XaOCI stdiniori (obiaiiie<] hy saturating cold 
5 |>ercent XaOH solution w ith chlorine). Heal rapidly to IxtilingancI keep 
at the boiling |>oint for Jin If an hour. f*on| and acidify with dilute sulphuric 
acid. The h>*drnxine .'tulphate. XjHi.HfSOi (O gm.). crystalliMW out sml is 
filttred in a Buc hner funnel. 

If hvdrazine sulphate is dUtillc<l under ml need pressure with con* 
cent rated ]>otassiiun hydroxide solution, uith a condenser without 
rubWr nr cork connect ions, a eolonrlt^'< fuming liquid, b. pt. 119^ or 
47 /20 mm., is obtainetl. This is callnl hffdraiiRf Ayr/rafc, but is a 
solution of maximum Isuling p«unt. The solution may U* eoijcmtraled 
to 95 l»er nuit by distilling it with xylene, which carries ov’cr the water. 
If the hydrate is distilled with iis own weight of smliiirn hydroxide in 
small pieces, aabydraas bydraziae passes over at 150” as a licpiid uliieb 
solidifies on ccMiling in colourlc.ss crystals, m, pt. 1*4*. b. pt. 1I3*5*- 
Anbvdrous livtlrazine may also lx* prcfKired from the hvdrochlori do ami 
sodium rnetlioxide, in a similar way to lis-dro.xylamine (p- 524 1. There 
is a s )lid hvdratc XjH,.Hj<),tM-pt- — 51*7 . 

Hvdrazine and the hydra l<* irarlily alworb moisture and carbon 
dioxide from the air, art* freely soluble in water and aleohol, and are 
poisonous. Anhydrous hy<lrir.iiic deeom(»oses on heating: 3 N 2 H 4 - 
N + 4 XH 1 It iriilames in drv oxvgen, reaets readily with halogens : 
2 p* .X H « 4 HI-X«. uml expltsh's in contact tvith i>otassium per- 
manganate. By the iietioji »>f soilium on ajibydrous hydrazine in 
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absence Of oxvgcn, crystalline solid H.N XHN'a is obtained. .MticU 

from an>n.oniu.u chloride. It forms t«-o of salts, e.ff, the ludro- 

chlorides N.H„HC1 and N,K,.2HCI ; and the sulphates H,SO. 

and The ordiiwry hytowin* *ulph«le is 

perhaps iJ.Hs HSO,. The salts arc hyJro1yc*d m solution. Double 

LlU ei7 ZnCl*,N,H*.2Ha. are known. . 

Hvdrazinc and its salts are powerful reducing agents, precipitating 

gold; silver and platinum from their “Iw. '•'‘‘‘“‘'''’S 
solutions to cuprous oxide : iCuO =2Cu,0 + r ‘ V->K10 

salts to ferrous salts, and lodates to iodides : + -H5SO4 + -KlUa 

. ‘^HI + 2KHSOj + bHnO + 3N.. The hydrazine is oxidised to nitrogen 
and water : . 20 « N, Hydrazine may be dct^mincd 

bv titration with iodine in presence of sodium bicarbonate i 
2 it-Nj + -lHI. or with jiotassium permanganate m presence of dilute 

sulnlniric acid : N,H| + 20 *Nj + 2H,0. ^ 

Hydraaoic acid. — Hydrozoic acid (orasoiiMirfe) HX, was obtained by 
Cuftius in 1800 from organic com|K>unda. It is formed by the careful 
oxidation of hydraaine with nitric acid or hydrogen peroxide ; + 

50-2HXj + 5H|0. 


Warm I gm. of hy<lnizine sulphate with 4 ml. of HNOj of sp. gr, 1 -3 in a 
tsst tube, anil lead the va|>oiiT» into a sohilion of silver nUrote. A white 
curdy precipitate of ttinx atide AgX, is formed. This is explosive when 
dry, It is soluble in nmmoiiin {</. AgO). Lead azide PbtXjlt is iiso'l as a 
detonator in place of mercury fulminato. 


Hydrazoic acid is formed by the decomposition of hydrazine nitrite 
under special conditions {cf. XHj,HNOj-Kj + 2 HjO) : 

N,H4.HN0,-HN,^2H,0. 

If hydrazine is added to ethyl or amyl nitrite end alkali, sodium 
azide is formed, and a precipitate of silver azide is produced when 
hydrazine is added to a satuiafcd solution of silver nitrite. Sodium 
azide is formed by fusing sodainidc with sodium nitrate : 

SKaXHj + XaN0,*NaN, + 3NaOH + NH,. 

Hydrazoic acid is forme<l by the action of hydrazine on a i<oliition of 
nitrogen trichloride in benzene : 

N»H| + NCU-HX, + 3Ha 

and by oxidising a mixture of h>*drazine and hydroxylamine with 
chromic acid or hydrogen peroxide : 

N,H4 + NH,OH + 20 + 3H,0. 


Active nitrogen forms azides with sodium, potassium, rubidium, and 
caesium ; w'ith sodium a nitride Na,X is first formed. 


Wislicenus (1802) first prepared hydrazoic acid from inorganic 
materials. Sodamide NaNH. is prepared by passing dry ammonia 
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070 r sodium in jMiradain I>oats in a hard 'glass tube heated at 150^- 
250 : 2Xn - 2XH3 »2NaXHj + Hj. The ammonia is then displaced 
by A current of dry nitrous oxklc and the tube heated at ID0^ The 
scKlaniidc swells up and amnjonia U evoh*ed : 

KaNH.^N\0 = XaN3 - H^O 
XaXH, ^ H,0 » XttOH + XH^. 


When no more ammonia is evolved the tube is cooled, and tlie pumice- 
like mass of XnXs and XaOH distilled with dilute sulphuric acid, when 
a solution of hydrazoic acid HX, comes over. 

The solution is fractionated, and finally distilled with fused calcium 
chlc)ri<]c, when anhydrous hydrazoic acid is formed. This is a colourless 
mobile lic|nicl, b. |>t. 37% m. pt. -80% with a nauseous smell. It is 
dangerouKlv ]>ois 4 inous and explosive. It dissolves readily in water, 
forming a eorrodve acid liquid, in which about I per cent of the acid is 
ionised: HX^^ H' -t-X,'. TIk* solution readily dissolves iron, zinc. 
co|>]ier, etc., w ith formation of azides, ammonia, a trace of liydrazine, 
and evolution of nitrogen: Zn 4 3HXj ■Zn(X,), + + XH 3 . With 

magnexiiim a little hydrogen is evolved. T)ie reaction w'ith nitrous acid 
is quantitative : HXj + HNO, -Nj ♦ X,0 + H,0, 

The azides give a blood -red colour with ferric chloride, resembling 
thioc variate but discharged by h)*drochlm‘ic acid ; w'ith silver nitrate 
they give a white curdy precipitate of silver azide AgN,. soluble in 
ntnmorua, and exploding at 25tl^ By neutralising the acid with 
ammonia and hvdrazine. resjiectively, the salts NHiNj (i.e. N|Hd and 
NtHjNj {it. XjHs) are obtained in colourk^ss explosive crj'stals. 

The va(K>ur tlcnsity of hydrazoic acid correspncls with HXj. The 
constitution w'as represent^ by Tliielc as X:zX'“NH. This may be 

written Nr : N : : X • H or NiPK*=XH- The formulae of the azide 

ion, thecyanatc ion. and the neutral nitrous oxide molecule are similar : 


(N::N::Nr N::N ::0 


The linear struct urc of the azide ion in crystals is proved by X-ray 
anal vsis . The e Icct ronic formulae of t he n i I rogen a nd carbon monox ide 
mohV’ulcs, and of the cyanide ion, arc also very similar : 

:N;::N: :C;::0: [:Cr;:N:r 

NsN C^tO CfcN 


Cblcrsads NjCl is a colourless very explosive gas obtained by the action of 
sod i um h V poch lori le solution and boric acid on wxl I urn azif le. Iodide N,I is 
A oale-veiiow exiilosi'** whd obtaiiittl by the aetkm of io<hne on silver azide, 
Cyanogen aside tCX-N,),. sulpharyl azide and szidOHiithiocarboiuc 

- hydrogen atom linked by a bond at 

an angle to the linear azide group : 

MU. l-ttA. 




\i 
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and the have a similar structure with the group R Lalung the place 

of H. The aside ica is a resonance hybrid of three forma s 


[N: :N: :*N r [ /n : N : : : N ; [ ; N : : : N s N J J'. 

.. •• •• * ' 

or with the alternative formulation of the co-ordinate link (p. 413) : 

+ .. • 

; N=N-N : ; N— : : NsK— N : 


All are equally important, so that the two bonda are of the aame length, 
1'15A. In these formulae the ionic charge is aUo shown. Of the throe 
corresponding structures of a covalent azide {e^. an ester) : 

++..■ 

r_M=K= 3N : R^K— NsN s R— N=N— N s 

< . • • 


the third disagrees with the adjacent charge rule (p. 438) end only the 
first two are involved, the aside gr^p — N* now being unsymmetricel. 



CHAPTER XXX 

OXIDES AND OXY-ACIDS OF NITROGEN 


Oxides and oxy^acids ef iutr<^eii. — Tlie tabic of oxides and 

oxy ‘acids of nitrogen may be compared witli that of the oxy* compounds 

acid HONsNOH 

^ WitruwdeXO, NH, 

•••> HypaaiUiCMid HOX:NOtH 
— ^ ^Nilreus add HNOt 

Nitrogen dioxido (or diiutrogaa totroside) XO| or KsO«^ 

Diaitroian pentozidt N,0| — ^ ^Hilric acid HXOi 


of chlorine (p. 262) : 

Nitrous OBde N|0 

Nitric oxide XO 
Diiutroges triozide X|Oa 


A full arrow ahoua tJiat the oxtde u a true acid anhy(lri<le. forming the 
Correa pojiding acid by reaction with water ; a dotted arrow indicates a 
formal relation only. In addition to the compounda ahown in the table, 
the following have been described : hTdroaitrous acid H|XOs( s NO + K|0) 
known as the sodium salt Ne,NO» : a higher oxide of rutrogon which is 
|ir<»bably diaitrogsa bexoxida XaO«. and a higlier oxyarHl, either parutric acid 
HN 04 <N, 0 , + H,0sHN 0,4'HX0,) or pemitrous acid HX0,0 (isomeric 
with nitric acid). 


The union of nitrogen and oxygen. — Nitrogen and oxygen combine 
directly at high temperatures to form colourless nitric eidds ; N, + 0,?* 

2X0. With excess of oxygen this on cooling 
forms red altrogsa dieslds : 2N0 4 Nitro* 

gen dioxide dissolves in water to form a solution 
of nitroea and sitrie acids : 2N0{ 4 H|0 ^ HXO| 4 
HNOg. Nilrous acid is unstable, the solution 
becoming pale blue owing to the formation of 
Diueei asbyddds X,0, : 2HN0j e* KjO, + H,0. This 



also decomp>se?t, forniiiig gaseous nitrogen di 
oxide and nil ric ox kIc : X,0,^N0j4N0. Som< 


Some 

nitrous acid aUo dcconi|)oses into nitric acid and 
nitric oxide : 

3HN0, »HNO, + 2N0 4 H*0. 

^ ... The nitric oxide is again oxidised if excess of 

. iSd oxygen is wesent. and finally all the oxides of 

o%V" by" S arconverted into dilute nitric acid. 

Pass a series of sparks through dry air in a globe (Fig. 2a2». After a time 
this iMJcomes yellowish in colour, and if sltaken with lilmos suluti.fli the 

lauor is turned red. 


632 


033 


jcxx) THK TNION OK NITHOOKN AND OXYiSKN 

Nitric Dci<l is aUo fcmiixl when ft liyiJ«»gon lUime l>.irns in uxyK.MX c<.n. 
taiiiine ft Iitil« nitri.tfcn. ftiuJ wlwm ft mixture of dotimaiiJ»g ftas (- vols. nf 
H + 1 vol of 0.) wiHi nif IS cxiilixItKl by ft a|>ftrk. If tho v<ilumc of ftir ift 
more than UouWa that of ilio deiwatmg km. tlio tcm|K*rftturo of explwion 

too low to form nitric ncul : no acid b h.nnoil oii oxpUxUng a rmvturo 
of liy<lrogen and ftir. as wais shown by Cnvcmlish (1/81)- 

Cavcndish (1785) passctl sjarks through a mixture of air and oxygen 
confined over mercury and pota.«ium hydroxide suUition in an mverted 
V-tubc (Fig. *283). The oxides of nitrogen 
uere Absorbed by the alkali and the residual 
oxygen was tlien absorbed by a solution of 
liver of sulphur (i>oUs*ium sulpliule), cmly ft 
very small bubble of gas remaining (probably 
argon ; see p. 1)02). 

Cftveridish wj-s : *' Wo may safely conclude 
that in the present rxpcrimeritft tlie phloK»li* 
ciued air [N) was enabled, by meftju uf the 
electric apark. to ur>ito to, or form a chemical 

combinotion with, tlie dephlogwticntol air (0), ...» 

aiul was thereby ro<luce<l le nitrous (nilric) ackh winch unitc<l with the 
soap-lees (i>otMh) ftnd forme<l a solution of nitre ; for in those expert, 
meats those two ftir* octuttlly <lisftppearetl, and nitrous acid waa actually 
formo<l in their room/' 



Fio. 383. — Cavendish's 
apparatus for sparking air 
over |K)lash solution. 


The aitrogea cycle.— Nitric acid is formed by electrical discharges in 
the atmosphere, and is washed down by rain. It is estimated that 
250,000 tons are produced in twenty- four hours. Leguminous plants 
can convert atmospheric nitrogen into organic mtrogen by the 
agency of micro-organisms {PsfHilomoHfts radicicofn) wliich occur 
in nodules on the root. Algae, fungi, and mosses assimilate free 
nitrogen, and a bacterium, AzctobocUr chrdocouum. present in soil, 
fixes elcjnentary nitrogen in presence of calcium carbonate. Tlic 
organic nitrogen compounds elaborated by plants serve as food for 
lierbivorous animals, and the |>roteifts of the latter are utilised by 
carnivora. 

When animals and plants die and decay, ammonia is formed, hx the 
soil this is oxidised by nUro$iJifi»if hafttria to nitrites, and these by tho 
m'friyym/?6acfen«m to nitrates, tlxe latter again serving for the nourish, 
ment of plants- Part of the nitrogen is again set free by tlie action of 
deni(r<yying batUria in the soil. 


PaeudoMicnvis raHicicof<i haa oi»e general speciea Init it luvs to some extent 
become specialised by association with )>articu)ar plants. It exists in tho 
soil as minute rods in rapi<l motion, but wlien it enters tlie plant by way of 
the root.haira it de\'eIo|w into larger rotU which, when no<lulea are formed 
on the roots, oasociato into characteristic Y-Blka])ed organ isnts called 
6oc/<roids. The .-Isotoboc/er chroococcum, a fairly large o\‘al organism, pla)** 
a largo port in forming and maintaining the stock of combined nitrogen in 
the soil. Both nicrosifying bacteria and the nitrifying bacterium obtain 
their carbon from carbon dioxide. 
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HITRXC ACID 

Nitric acid Menu to have been Uiiomd in Europe about 1100 a.d.. if 
not earlier. It was called Joriis and made by distilling nitre with 
green vitriol (ferrous sulphate. FeS0t,7H|0) : 

4FeSO, ^ $KNO, + 3H,0 * 2Fe,0, ♦ 4K,SO, + OHNO, + NO 4^ NO,. 

Glauber, about 1658, obtained concentrated fuming nitric acid by distilling 
nitre w'ith oil of vitriol (sulphuric acid). It was known as aprVitus mVri 
Qlauhtfi. Tlio presence of oxygen in nitric acid was demonstrated by 
Lavoisier in 1770 by heating nitrate of mercury, winch evolved oxygen and 
nitric oxido. Scheele (1777) showed Uut the vapour is decomposed by 

lieat and light Caven<liab (1785) 
ffo^-ed that nitric acid contains 
nitrogen and oxygen (p. 033). 

Arrange a clay tobacco pipe as 
ahouTi in Fig. 284. Heat one 
part of the atom strongly with a 
buriHon burner, and pour 5 ml. of 
eoncentratod nitric acid into the 
bowl. Tlie acid is decomposed 
on iKUsing through the hot tube, 
an<I faubblee of oxygon collect in 
the teat 'tube. 



Fm. 284. — Decompositjon of nitric acid 
by liMt. 


Nitric acid is prepared in the laboratory by 
Fodium nitrate with concentrated sulphuric 

KHSO +HNO.. If excess of mire w used at a high temperature, 
further decomposition occurs, the ,K,tassium (or 
«uli)hale being converted into normal sulpliafc: ^HbO^ + KAUi 
k SO +HNO A glase retort then usually cracks, and part of the 
SlM i* decomWd: 4HXO, = 4N0..2H.0.0.. The ox.dee 
of nitrogen formed dissolve in the acd, colouring it yellow. 

Add 49 gm. (20 ml.) of c<«cer.trale,l sulphuric acid to 50 gm. of 
potiium^'~te in a sto,,*red retort and stir with a glass rod. Heat on 


3JJ-X] NITRIC ACID 

wire cause and collect the nitric ackl in a cooleil receiver (Fig. 283). 
Notice the red gas at the beginning ami en<l of the process- The m iiJ 
obtained is yellow. Add a piece »f copjier foil to it ; the meul does nr)t 
usually dissolve. Ad<l a few dro|»s of water ; tlie copper dissolves ami rod 
oxides of nitrogen arc evolved (An<lro«*8, 1837). 



Fio. 285.— Preparation of nitric acid. 


Nitric acid may be concentrated by distillation with concentrated 
sulphuric acid. Pure nitric acid is obtained by redistilling on a water- 
bath under reduced pressure and passing osonised oxygen througli the 
distillate, or by freezing 08 per cent acid, when colourless crystals, m. 
pt. -41*3”, separate. Itisacolourlossliquidofsp. 1*52. Theliquid 
and the vapour are slightly dissociated at the ordinary tcm|)erature : 
2HN0j ^ NjOj + H,0 : the dissociation increases with the temperature 
and liquid anhydrous HNOj does not exist. A current of dry air 
passed througit the liquid removes the more volatile and an acid 
containing 98*62 per cent of HNO^ remains. 

Nitric acid begins to boil at 78*2*. with decomposition. When three* 
fourths have distilled, the residue contains 95*8 per cent of HNO} : with 
fxirther distillation an acid of maximum boiling point (120*5”) containing 
68 per cent of HNOa is forme*!. This is olso formed when weaker solutions 
are distilled. This acid corresponds approximately w'lth 2HX0a.3H«0 but 
is not a deHnlte hydrate ; Roscoe sliow-ed that (as in the case of h3'droch]oric 
acid) the composition of the distillate is a function of the pressure. Tw*o 
solid hydrates, HN0t.H,0 (in. pt. - 38”) and HN0a.3H,0 (m. pt. - 18*5”) 
are known. 

Nitric acid vapour is decomposed by light on exposure of a half.filled 
bottle : the nitrogen dioxide formed dissolves in the liquid and makes 
it yellow; 4HN03«4N0s4 0f + 2HfO. The liquid in a completely 
Riled bottle remains colourless. The ^'ellou* acid may be decolorised 
by tvarming to 60”-80”, and bubbling dry air through it. 

A yellow* /uming atfric containing oxides of nitrogen and used 
88 an oxidising agent, is prepared by distilling nitre and sulphuric add 
with a little starch, which reduces some nitric acid to NjOj and N3O4. 
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Hi'At is cvolvcii and contraction occurs when concentrated nitric acid 
and water arc mixed. The maxinnim effect occurs with the mixture 
3 HN 03 -hH« 0 » but no definite hydrate of this composition has been 
isolated. 


The densities at 15* of mixtom of nitrie acid and water are siven in the 
table below. 

IV eent. Per cent- Per cent, 


Density 

HNO, 

Density 

HK0> 

Density 

HaNOj 

1050 

8 09 

1*250 

39*82 

1*450 

77*28 

MOO 

1711 

1 300 

47*40 

1*500 

94*09 

M50 

24*84 

)'3oO 

55*70 

1*510 

98*10 

T200 

32*30 

14U0 

05*30 

1*520 

99*G7 


Chemical properties of nitric acid. — Xitric acid is a strong aci<l. 
largely ionised in solution r HNOj ^ H* + NO,'. It is monobasic aiid 
forms salts, the nitrates, which an* obtained by the action of nitric acid 
on the metals (when oxides of nitrogen, not hydrogen, arc usually 
evolved) on the oxides or hydroxides, or on the carbormtes. Acid 
nitrates, e./?. NH,N 0 ,,HN 05 and NH.XOv^HNO,. an* known. 

Alkali nitrates on heating form nilriu*s and oxygen: 2KN0,- 
•JKNOj + Ot; ammonium nitrate gives nitrons oxi<le: NH^NO,- 
N 0 + 2HaO • nitrates of heavy roetaU form oxides, nitrogen dioxide 
ind oxygen : 2I>l>(NO,), - 2Pb6 +4NO, * 0^. Most nitrates arc soluble 
in water : some basic nitrates of lead and bismuth) arc msoluhJe. 

Nitric acid also acts US an oxidising agent. Hot concentrated ndrjc 
acid oxidises iodine to icMlic rchI HlOg- rhasphoru* is oxidised to 
phosphorous and pliospliorU* uchU (tthitc phosphorus may cau» an 
exnlMion), sulphur U oxidUed to sulphuric acid, arsi-mous oxide to 
arsenic acid. Tin is oxidised by concent ratwl nitric acid m the cold 
with formation of nni fumes and white hydraUnJ stannic oxide. 
Burning charcoal burns brilliantly in concentrated mine and, and 
heated sawdu-st is inOamed by it. 


Heat a little sawdust on a sand -both until it begins to clinr, ami pmr 
over it a /«w droj?« of fuming nitric acid from a test tube. '1‘ho sawdust 

burns. 

Oil of turwntine I'oiKfiitralcd nitric acid, willi 

evolution of black clouds of carbon- Alcohol is violently oxidiswl, 
wiOi tlic production of a variety of sntetance^ and sometimes «ith 

‘ ’'Hvdroijen sulphide is not oxidised by pure nitric acid but in present 
of nitrUen oaidra it is <iccomposcd «;illi scpumt.on 'i; 

457) Stannous cbloridc in hydrochloric acul is oxidised to stannic 
chloride an<l the nitric acid is reduce.) to hydrox.Wan.inc and ammonia. 

Ferrous salts reduce nitric acid to nitric oxide NO. uhieh m 
dissolves in the excess of ferrous salt to form a black solution, f 
which nitric oxide is evolved on heating ; 

fiFeSO, + 2HN0, e SH.SO, -.1Fc,(S0,), + 2N0 + 4H,0, 

Fc,^0.- XO^F.-tNOh'iO,. 
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TliK is used in the “ rins test ” for nitric acid and nitrates. In the ca«* 
nitrates-, conctutraUd sulphuric odd miLst lu* added before the colour 
apiJcars {nitntts give tl>e reaction witli rfi/Mfe acid). 

Dissolve u Tew er>-stals of fem>i« a.ilphato in a cold dilute aolutiou of 
polassiMin iiitmte in a test-tuU. and |n>ur ccmociUratcl sulphuric aei.l 
carefuHv itito the liquid so ns to form a lieavy layer Mow. At the junction 
of the lie, aids a black riiis (purple if only traces of nitrate a« prc«*.iO li 
fonne-l. On sliakmg. the black colour <Jisap|Kiars ami bubble* <»f rutnc 

oxiile are evolve<l. . . , , 

Other tests for uiirU- acid au. 1 riUralw are : (i) the rc<l colour produced 

with a solution of brudna in concantrotad sulphurie ac.d ; (u) tl‘e <leeii.bluo 
colour with a aohuion of -liplienylamina in conceutrate«l sulphuric acid { 
(Ui) the evolution of rail oxide* of nitrogen when the saUianco is hcatcl 
with concanlr 4 ta<l sulphuric acUl and copper turnings ; (iv) ntfron reagent 
(I per cent in 6 i>er cant acetic aciill forms o white crystalline ppacipilute of 
nitron nitrate, C*H,.N„HNO,. on whling 5 dn)|«of reagent and 1 dn.p of 
dilula sulphuric acid to 5 mb of nitrate siJiithm. 


The action of nitric acid on metals.— Ken riy all metaU, exirpt 
platinum, rhotlium. irhllum, tantalum, and gold, arc nltackcd by ddutc 
or concentrated nitric acid. Tin. arsenic, antimony, tungsten and 
molybdenum are converted into oxide*. The remaining metal* fonij 
nitrate*. Aluminium i* scarcely attacked by cold nitric neitl ; iron and 
chromium become •‘passive*’ in the concentrated acid, and lead le 
covered with a protective film of nitrate. During the renclion*. part of 
the acid is reduced to the oxide* XO,. NO. and XjO. free nitrogen, 
hydroxyUmine. and ammonia. The protlucl* depend on the metal, 
temperature, concentration of the acid, and the presence of the pro* 
ducts of reaction. Hvdrogen is evolved only by magnesium or man- 
ganese acting on cold I or 2 per cent nitric acid: Mg-f 2 HN 03 - 
MelNOjU + H,. 

H. E. Armstrong and Acworth (IS77) suggested that the prinmnj 
rtaefion in all cases is the liberation of nascent hydrogen : 


I. M + HNOj-MNOj*H. 

This nascent hydrogen reduces the nitric acid and further reaction* 
occur : 


II. iSeco^ufery rto(fiQn4, probably In definite stage* : 

In) HXO, + 2H =- HNOt (nitrous aeid) *- H,0. 

(61 2HXO, -*• SH = H,N,0, (hyponititnis acid) + 4H,0. 

(c) HNO, + OH = KH,0 (hydroxyUmine) + 2H|0. 

(d> HXO, + 8H a XHj (ammonia) + 3HtO. 

ni. Terticrif reattiont, in which the secondary products interact : 
{ 1 ) fitcotnpotition into simpler compounds : 

(а) $HNOtsHXO»+ 2 XO (nitric oxide) 4 H|0. 

(б) SHKOfS X,0» (nitrous anliydrkle) -f HtO. 

(c) HfN,0, = XtO (nitrous oxide) f U^O. 
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(2) tJoubU decomposition : 

(a) NHOt + XHj = N, Jmtrogen) + 2H,0. 

|6) HNO, + KH,0 = N%0 + 2H,0. 
ic) HNO, + HXOjs 2X0, * H,0. 

The oct ion on copper would be represented ae follows : 

3Cu + 6HX0,s 3Cu(N0,),-f 6H 
CH +3HX0,aSHX0, + 3H,0 

3HX0, = HXO, -f 2N0 + H,0 

by addition 3Cu + 8HX0,= 3Cu(N0,), + 2N0 + 4H,0, 


[CBA? 


According to Di\*er8 some metab give nitric oxide but no liydroxy lamina 
or ammonia ; e.g. Ag. On. Bi. Hg : other metals give XH,. or XH,Oi and 
N,0 : t.g. Fe. Zn, *Sn. Cd, Mn. Mg (Mn ami Mg also give H,). The product 
flepends on the concentration and temperature of the acid {concentrated 
nitric acid gives mainly nitrogen dioxide with copper: Cu-f4HN0,s 
Cu{X0,),t 2XO,*i> 2H,6h and aleo on the accumulation of the aalt in 
the solution, since the prulongc<l action of dilute nitric acid on copper gives 
nitrogen and nitrous oxide. 

Millon (1^2) and Veley (1890) showed that pure nitric acid in the 
absence of nitrous acid scarcely acta on copper, silver, bismuth or 
mercury. Other metals react in the absence of nitrous acid* but more 
slowly til an when it is present. «Sinee nitrous acid is formed in the 
reaction, the velocity of the reaction increases as it proceeds. 


Take three pieces of clean copper foil an<l immeras them in three glasses 
containing : (n) $0 ml. of 50 per cent nitric acid ; (5) 50 ml. of this nitric 
acid + 5 ml. of }iy<lrogen peroxide (20 vole.) ; (c) 50 ml. of nitric acid + 1 
ml. of hydro sine hydrate solution. The foil in (a) ie at once violently 
attacked : those in (5) end (c) remain for a time without change. The 
hyilfogen |teroxide oxidises nitrous acid: HXO, + H,0,*HNO, + H,0 j 
whilst hydrazine decomposes it. 


According to Millon and Veley nitric oxide is a primary product, 
formed from traces of nitrous acid ; a gr«n solution of copper nitrite 
is formed which is then decomposed by nitric acid to reproduce nitrous 

• Cu + 4HN0,-Cu(N0,), + 2H,0 + 2NO 

Cu(XO,>, + 2HNO,-Cu(XO,), + 2HNO, 

HNOj + HjO + 2NO ^ 3HNO,- 

The nitric oxide reduces nitric acid to nitrous acid, and nitric oxide 
Is evolved only at a certain concentration of nitrous acid. 

The manufacture of nitric add.— Nitric acid is made on the large 
scale by disliUing sodium nitrate with concentrated sulphuric acid m 
an iron retort : 

SNaNO, + 2H,SO, =Na^O. + NaHSO, + 3HN0,. 


One or two tons of previously .iried sodium nitrate (Chile nitre) 
with rather more than this weigl.t of roncentrated suiphiuic acid (D3 per 
cent HjSO.) in a large cast-iron |>ot. built in a brickwork furnace so as to 
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allow of very uniform heetinR IFig. SRC). Nitric aci.l vnpour .loos not 
attack iron which is corrr>iM bv Ihe li<|uicl ackI. At tl»o top of the retort 
is a manhole for introJucing tlw clra^. and an outlet for the acid vapour. 



Wftti 


Fio. 286.^Man«jfacture of nitric acid by distilling sodium nitrate 
with concentrated sulphuric acid. 


The acid is condensetl in some type of cooler, consisting of vitreous siheo 
spirals cooled in water, stonewaro U-lubes or horitontal gloss tubes coole<! 
partly by air and water. S-slupcd ttibc* of silicon iron, or large stoneware 
Woulfe's bottles. The reil oxides of nitr<^ also produced are condensed 
by water in a stoneware tower at the end. packed w'ith hollow stoneware 
cylinder or balls : ^ ^ 4HNO,. 

In the VilsnUasr srocssi 08«ll the epiiaraliis is air-tight, and a vacuum 
is maintained by an air-pump. The distillation under reducetl pressure 
( 25 cm . ) ta kos place at a lower tempera ( ure ( 1 00*- 1 50* h so t hat there is less 
decomposition, and the reaction also occurs more rapidly than in the 
ordinary process. 

The liquid residue in the retort is run out and allowed to solidify : it is a 
mixture or compound of about e<\ui molecular proportions of NaHSO* and 
KaaSO«. and is called nitre cake. 


AbtpreU9n 


The arc process. — The union of atmospheric nitrogen and oxygen at 
the high temperature of the electric arc was demonstrated by Crookes 
in 1802 ; a small experimental plant was worked in Manchester in 1899. 
As carried out from 1902 

in Norway at Notodden ojiwtine 

and R j ukan . the Birkela nd fgMert 

and Eydc process utilised — A A II 

360.000 horse- power de- 
rived from water-power, 
but it is now replaced by 
ammonia synthesis and 
oxidation of ammonia. 

Air is drawn through 
the flat circular furnace 
(Fig. 287), in which an altemating-current electric arc burning between 
water-cooled copper poles ia spread out by an electromagnet into an 




Pio. 287. — I>isgrsm cf the sre process for pro- 
ducing nitric acid from the atmosphere. 
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di^e, the temperature of which is about 3000^. Iti this Oamc 
combination of oxy|?eii and nitrogen occurs : K« 0| ^ 2NO. At 3000^ 
tile c(|ui librium yieUl of NO is 5 per cent by volume ; at 1500^ it is 
only (14 per cent. Since the reaction absort>s heat, the yield is greater 
n 1 1 1 i ch rr t cm jicrat ure.** ( p. 204 ) . Tf le gas after rapid cool ing to ‘ * freeze ' ' 
the cc|iiilibriuin leaver the furnace at 10 ( 10 ^, containing 1 per cent of 
NO, passes through iron pipes lined with brick to the firebox of a 
tubiihif l)oilcr. where it is eoolcti to 150* with pro<l action of steam 
which ji used to evaporate solutions formed in the process, and then 
passes through large aluminium pipes exposed to the air where it 
cools to oO*. 

When the gas has cooled below 000*. formation of nitrogen <lioxide 
begins : 2N0 : this is somewhat slow, since it is a ter- 

molecular reaction, and to give time the gas passes through a large 
empty iron oxidising tower, and then to the three or four gigantic 
absorption towers. thVW ft. high and 18 ft. diameter, built of granite 
slabs and packed with broken quartz over which water is circulated. In 
these towers nitric acid is formed : 


2NO, + H,0 ae HXO, + HNO, 

3HN0, sii HNO, + 2NO + H,0. 

The NO is reoxidised by the exeeas of air present, forming NO,, 
which re-enters the reaction. Nearly all the nitrous acid is bo removed 
from the solution, and 30 per cent nitric acid runs from the first tower, 
the acid having l)Con pumped from the final tower through all the 

towers in succession. ^ . i . 

The dilute nitric acid is neutralised with limestone to form colcium 
nitrate, uhich is evaporated and exiiorled as a fertiliser {" Norcc sal- 
pet er *'). or is concentrated by distilling it with concentrated sulphuric 

aci<l umlcr reducc<l prcs.<ure. , . i 

When the gases become very dilute, oxidation of NO is very slow, 
,n<l a mixturu of NO anU NO, pas*c* from tl.c |ast absorption tower 
(about 85 per cent of the oxkle* of nitrogen having by JI)'* '‘y" 

nhsorlH'd) into an iron tower paekcl with qi.arti, down wliieh a solution 
2f sodium carbonate trickles. This absorbs nearly all the residual oxides 
of nitrogen to form cliicfly sodium nitrite with some nitrate ; 

(NO +NO, 1 N,0, + NajCO, - 2NaN0, + CO,. 

The oiidadon of ammonia—In 1788. the Kev. Isaac Milner, President 
of Oucens' College, Camlirirlge, found that ammonia gas pawed o'cr 
heaU^ mankanc^ dioxiile is oxitlised to nitric oxide, which can he 
ovidised with air to nitrogen dioxide, and this reacts with "“•'r *° 
f . nitric achl The Ki^eh chemist Kuhlmnnn in ISSU found that 
'‘mmimiri^i oxidise.! to nitric oxide hy ,«i-s.ing a mixtme of ammonia 
t!i« and air over licatcd plaliniiin, acting as a ealaljst . 

4NH,v50,-4N0-6H,O. 

Tlie colourless gas on cooling becomes red, from oxi.ialion of the nitric 
oxide to nitn^on dioxide : 

2NO O.-iNO,. 
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THE OXIDATION 01' AMMONIA 


Pass a current of oir through Ammon io solution in a wash-bottlo. on<l lo«.l 
the mixed gas over a small r.»U of platinum foil boated to dull re<lncss m a 
hard.glftss tube. Notice ilio formation of red gas and white fumes in aglolw 
attached to the tube. 

The best results are obtained when the gas passes very rapidly over 
the catalyst ; witli a slow current of gas much free nitrogen is produced t 
4NH, + 30, - 2N, -f GHjO. An excess of oxygen above that reciuircd 
to form nitric oxide is necessary. A mixture of 1 vol. of piirifuHl 
ammonia gas and 7 5 vols. of air filtered front dust js preheated to 
about 500* by utilising tlie lieat of reaction in a counter- current 
apparatus {cf. p. 472). ami is fuisscd through a converter {hig. 

containing two fine platinum gauzes in contact, 

when the exothermic reaction proceeds automali- 
cally. More than 90 |>er cent of the ammonia is 
oxidised to nitric oxide, and I sq. ft, of double 
catalyst will produce 1*7 tons of nitric acid in 
24 hours- Tfie rate of conversion is much greater 
with a rai.xture of ammonia and oxygen. N H, + 20,, 
with sufficient steam to render It non -ex plosive, 
and nitric acid may then be obtained directly by 
cooling the gas from the converter. 

The exit gas from the converter w'hcn air is 
used, containing NO. nitrogen, some oxygen, and convener, 

stcain. is cooled and passed into packed stain- 
less steel towers through which water circulates. Formation of 
nitric acid oecun as in the are process (p. o40). The cooled gas may 
also be compressed by pumps into stainless steel tanks containing 
w'ater. Modern processes aim at converting ammonia and oxygen 
(obtained as by-product in ammonia s^mtlicsis) into nitric acid. 

If the cooled oxidised gas is passed into milk of lime, calcium nitrite 
and nitrate arc formed : 





2Co(OH), 2NA * Ca(NO,), + Ca(NO,h + 2H,0. 

When all the lime is neutral isod, nitric acid is formed in the solution by 
reactions previously explained. This decomposes the nitrite into nitrate 
and oxidse of nitrogen, which are fully oxidised to NO, by air end passed 
into another sbeorber of milk of lime : 


Ca(NO,}, 2HNO, »Ca(NO,), + NO + NO, + H,0. 

If ammonia gas mixed with air is blown into the cooled and fully oxi<lisod 
gas from the ammonia oxidation apparatus, solid ammonium nitrato is 
deposited os a powder : 

4N0,-r0,+ 2H,0 + 4NH, = 4NH,N0,. 

Dinitrogen peotosde. — Tlie anhydride of nitric acid, dinitre^n pent- 
oxide N,0,. was obtmned by Deville (Id49) by the action of dry 
chlorine on gently heated silver nitrate : 

4AgN0, + 2Cl,*4Aga -I- 2N,04 + 0,. 
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It is best ]>n>pdred by delkydrating concontreted nitric acid by phos* 
phorus pentoxidc (Weber, 1872) : 

2HNO5 -f PjOj - XA + 2HPO3. 


Pure concentrated nitric acid, freahly distilled over concentrated snl* 
pluiric acid, is put into a alopperetl retort cooled in a freezing mixture, an<l 
pure plux^plioriis pentoxUle added in slight excess in small <pmntitiea at a 
time. The mixture is <listillod at as low a lem|)eraturo as possible in a 
current of ozonised oxygen. Tlio gas is passed through a pliosphorus 
|)ontoxicle tube, and tlten ihniugh a tube cooled in solid carbon dioxide 
and ether, wher; crystals of pure X,Ot are obtained. 


Dinitrogen pentoxide U formed by passing ozonised oxygen into 
cooled liquid dinitrogen tetroxide : 


xA+Oj-XA+0 ,. 

Di nitrogen pentoxide forms white very hygroscopic crystals, stable 
below 0 * but decomposing slowly and becoming yellow at tf»c ordinary 
tcm|>orftture. even in sealed tubci : 2X,Oj ■ 2 X 564 -k 0*. They sublime 
on warming, and if not quite pure melt with decomposition at 20*5® to a 
dark-bronm liquid, which decomi>o»cs into red NO| and oxygen at 50®. 
If suddenly heated, the crystals explode ; they dissolve with a hissing 
noise in water, forming nitric acid; NA + H,0-2HX0j, Phos- 
phorus ond potassium bum in the liquid pentoxide if slightly warmed; 
charcoal docs not decompose it even on boiling, but burns brilliantly if 
previously kindled. Sulphur forms while vapours, condensing to 
crystals of nitrosvl disulphalc S,XA(p. 558). A crystalline compoujid, 
X'Os 2HNOj* P^' ** formed on cooling a solution of XA in con- 

centrated nitric acid. The structural formula of dinitrogen pentoxide is 



n-o-n 




0 




but owing to resonance the bonds become equivalent. 

Halides of nitric acid.-Tl.e OH in nitric acid NO.OH may bo replaced 
by halogens or the CIO, radical- Nitryl Haoride XO,F is a colourle« very 
«JtK^gaa. b. pt. - 72*4% m. pt. - 10C% fomjed by the 
oxide on excess of fluorine at the temperature of IicjukI oxygen : 4X0 - 

2NO.F>Kv Niuyl ^Woride KO,a is a eolourlcas go*, b pt. - ^5 ' 

- 145% formed by the aelion of ozone on nitrosyJ 7,! 

vn ri + O and in small amounU in other reactions, r.g. 4.NU, + 4nLi- 
VO a + 2XOCl + HXO*+HA It b stable at lOU* but decomposes at 
h ?W temperatures. Flooriae nitrate XO,F is a colourless explosive gw. 
b ^L. - 42rforn.«i by the sc.icm of A'-orino on c.ncentreurf 
orroli<Jpot*«3mn>nitnite. Ubapo«-erfulox.dis.ng8gent : NO.F + 2W 
^0. t KF + I,. With concentreted alkali it ovolvea oxygen ! 

2NO,F + 4KOH = 0, 4 2KF - 2KNO, + 2H.0. 

b,it with dilute alkali it fonns fl...«-i.ie monoxide : 

2NO,F 4 2XaOH - F.0 4 2NaNO, 4 H.O- 
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nuori., Fco. is a 

.S - 

from concontratecl nitric aii-i pcrcliloric acids : 

N-0,-0H + HCIO. » XO. CIO. H,0. 

copper or mercury on dilute nitric acid and called it n.troiM air . 

3Cu + 8HNO, -3Cii(X0,), + 2X0 + 4H,0. 

CcDoer Iiimia", are piaco.1 in a flask (Fig. 289) an.i a miat.ire of oqual 
vohii^ of concentrated nitric acid an.l water are poureil on ll.cm tliroufeli 
A iliUtlO'fvinwl. At first. tUe air 
in the fliwlc becomes retl, clue to 
the action of the lutric oxitle on 
fltmoapheric' oxygen : 2 N 0 1 * O. * 

2K0t. Tlxe fiaa then become* 
nwrly colourleas. but elwaj-a hoe 
» aUgin yellowish tinge, due to a 
little NO,- This ia rem<»v«<l when 
the gas is iwwacil through water, 
and the jars fill with a eolonrlcea 
gee. Thegew. eij)ecia1ly in the later 
stages of the roaciion. contains 
variable amounts of nitrogen an<l 
nitrous oxide. U may bo inirifiwl 
by passing into a cohl saturatoil 
Bohition of ferrous sulphate. A 

^ ^ a A 



FiO. 260. — Preparation of nitric oxido 
from cop[^ and nitric acid. 


Bouition 01 lorrous aun«8«»6. ... .1 

nearly black liquid is forine<l containing Fe[NOJSO*. winch on gentle 
heating ovoh'oa n«r/y pure nitric oxide. Tlxe gw so purifi^ still contains 
1/500 of iu volume not absorbed by fresli ferrous sulphate solution, 
probably nitroxis oxide. 

Nearly pure nitric oxide mav be obtained by heating a mixture of 
potoasium nitrate, ferrous sulphate, and dilute sulphuric acid : 

6FcSO, + 2HKO, + 3H^O, .SFe^SO*)* +2NO + 4H,0, 
or a solution of ferrous chloride in hydrochloric acid with sodium nitrate : 

SFcCl, + NaNOj + 4HCI - 3FeCl, + NaCI + 2Hfi + NO. 

Very pure nitric oxide fe obUined (W. Crum. 1847) by shaking 
mercury with concentrated sulphuric acid to which nitric acid or a 
nitrate has been added, and passing the gas over solid potassium 
hydroxide to remove any nitrogen dioxide : 

2HKOj + 6Hg +3H^*-2NO +3Hg^04 + 4HjO. 

This reaction is used in the satimation of nitrites or nitrates, or of oxides 
of nitrogen in commercial sulphuric add. The solid substance is dissolved 
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ill t]i9 2eu5t aniouia of water and pnsvwi into the Lunge nitroDeter (Fig. 
290), wliirh consists of a graduateil tube with a stopcock D commuiii* 
eating with a small cup C, and an outlet tube D, (he 
whole being filled with mercur>* and provicled wit)) a 
levelling tube E. Conc’cntrate^l sulphuric acid is then 
intrcMluecd ancl (ha mixture sliakot violently with t)ie 
mercury. Tlie v<du(ne of nitric oxide is read off. 

Pure nitric oxide is cvolvetl on dropping a solution 
of 80 <lium nitrite and potassium ferrocyanlde into 
dilute acetic acid : 

rc(CNV'" + NOj' +2H’ »Pe(CNV" + NO +HjO. 

and by the action of sodium nitrite solution on an 
acidified solution of potassium iodide : 

21' + 2NO,‘ + 4H* »I,+ 2KO+ 2H,0. 

The pure gas should be collected over mercury, as 
it acts slightly on water, evolving traces of nitrous 
oxide: 4NO^H,O-.N%0^2HNO|. 

Propertits of nitric oxide. — Nitric oxide is a 
colourless gu. slightly heavier than air (normal 
density 1*3402 gm./Ut.), and sparingly soluble in 
Fio. 290.— Lunges water. The volumes at S.T.P. absorbed by 1 toI. 
nitrometer. of water arc : 

Tamp. • • 0* 

Vols. of NO 0 074 

It i. not easily liquefied : the liquid, which hia a aoniewhat darker 
blue eolour than liquid oxygen, boils at - lSI-7* (when .ta density .s 
l-2«!)) aiKi freezes at -103-6* to * sobd of tlic saine colour. The 
critical temia-raturc is - 00", and the critical prewurc M atm. 

Nitric oxide is freely soluble in cold ferrous sulphate solution forming 
a black li<|ui.l, as wax observed by Pricfley. The maximum absorption 
c<.rrex|«nllx with KcSO.lNO). but the reaction ix reversible he absorp- 
tion (IciK-ndine on the temperature, the concentration of the ferrous 
salt (other ferrCus salts, e^. 

the presence of other salts : Fe§0.-fNO ^ )e.SO.(.NO), The gax is 

„d!i, .voiv,»i .n 

Chlorides also absorb nitric oxide. The compound IclNO)ScO. is 

..»V « .a.- : «0 . »S.OH .N.0 

^NWixId^^sIowly absorbed by acidified potassium permanganate 
solution : 3jinO,' ♦ 5NO +4H* *3Mn’* + oNO,' + 2H,0. 


15* 

0051 


30* 

0040 


60* 

00295 
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It U not appreciably absofU-cl by alkali. 
sulplute solution, fomiinj? a dioilrososolabita. NajtXOljbUj. 

Pot«siiim ,iinitt««»ill.l.ito K,(XO)rSO.»|«r..t« in o,yAU>h when i.itrio 
oxide is IMS^ over tl.e snrf.wo of slishtly olksline snlphiM 

solution in a floak from which uir b |>rovi.>.isl.v .lisplnced by liydrojiOT. Tlie 
d i n itrosoeiilpl »tes at one© evolve n ttrou$ osicle wi t h ax « Is : K ,( N O ) .bU , - 
K,S0,+N,0- 

Nitric oxi^le combines uith free oxyjjcn to form ml nitn)Ken dioxide : 
2NO+Oi-2NO,. By passinjf nitric oxide Into IkiuiiI oxygon, or 
bv the action of air on solid nitric oxide at - I HO*, a grt*en solid oxide 
is said to be formed. Nitric oxide and oxygen tlried with pUos- 
phorus pentoxide are said not to combine. 

Nitric oxide is the most stable oxide of nitrogen : it begins to deeom. 
pose into nitrogen and oxygen aji|ireciably only above 1000 *, and unless 
this temperature is reached combustion does not proeei*d in the gas. 
A burning taper, burning sulphur, charcoal, and feebly burning pbos. 
phorus are extinguishcnl, but brightly burning phosphorus eontinuea 
to burn brilliantly, a red gas being pnKlnced as well as white clomls 
of phosphorus pentoxide : 

2N0-N, + 0, 

P,.0O.-2PA 

2NO+^Ol-2NO,. 

A mixture of carbon disulphkle vapour and nitric oxide, formed by 
shaking a few ml. of carbon disulphide in a jar of nitric oxide, wheti 
kindled bums with a brilliant blue llaiue. 

A mixture of hydrogen and nitric oxide (or nil He add vajwur, or 
any oxide of nitrogen except nltrtnis oxide) when imssod over heated 
platinum is reduced to ammoniu : 

2N0-K5H,-2NH,-f2H,0. 

Nitric oxide is absorbed by concentrated nitric acid to a yellow solu* 
tion of N02^ 2HNOj + NO -3NOt dilute acid a 

green (N0| •¥■ N^O^) or blue (N«0a) solution Is formed. Beyond a certain 
dilution the acid absorbs very little gas. 

The composition of nitric oxide may be determined by heating a piece 
of potassium in a contined volume in a bent tube over mercury, or a 
spiral of iron wire may be heated strongly by an electric current in a 
measured volume of gas confined by mercury. The oxygen is removed 
by the potassium or the iron, and after cooling the nitrogen occu])ie8 
half the original volume of gas. Hence one molecule of nitric oxide 
contains half a molecule or one atom of nitrogen, and the formula is 
NO,. The density of the gas show's that the molecular weight is 30. 
This contains one atom, or 14 parts of nitrogen, and 30 - L4 « 16 parts of 
oxygen> i.e. 1 atom of each element, so that the formula is NO. (Nitrio 
oxide docs not explode with h.>xirogen when sparked unless previously 
mixed with an equal volume of nitrous oxide). 

Th© anal^'sis of nitric oxide by heating finely •divided nickel In the gas 
was carried out by R. W. Cray (1905). Tlie ratio N : 0 » U 0085 : 10 waa 
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fouml. ThcnormnI density of tl>e gax was also found to be 1* 3403. so that 
a ft era correction for comprcssibiHly (p. 105) the molecular weight (Os 16) 
U 3U*IIU9 ; ur Ns 30*003 > 10= 14*009. Tli© apparatus is shown in 

Fig. 291. The gas was 
containe<l in the bulb 
j4, whicli was weighed 
first empty and then 
full of gas. The plati* 
hixm boat ff, heated by 
a platinum spiral, con* 
mined the nickel. Tlie 
bulb M contained char* 
cool. After tleeompo* 
sition waa complete, 
the bulb Jl/ was put in 
communication with A 
an<l immersed in U<inid 
air. The nitrogen con* 
denae<l on the charcoal, 
and wM weighed. Tl»e increase in weight of A gave the waiglitof oxygen 
w hich hn<l comhine<l with the nickel : 2NO + 2X1 » X, + 2XiO. The otomic 
weight of nitrogen foun<l by other metlioda is 14*006. 

Nitrous oxide-— Priestley in 1772 noticed that if nitrous air (NO) Is 
allowed to stand in contact with iron or liver of sulphur (potassium 
sulphide) it contracts, and the gas ('* diminished nitrous air "} then 
supports combustion better than common air, althougli oxygen has 
been removed from the nitrous air. 



Flo. 29].— Cray's apparetii« for dctrrniiiiing Ihe 
rompowtion of riitrii* oxHie. 


The flame of a taper in the pas is enlarged, as Priestley by another 
flame (cxtcmling evef>'where to an e<pHil distance from that of the candle, 
ond often plainly distinguiahublo from it) adlwring to it." 

Priestley also obtained the gas by the action of diluted nitric acid on 
zinc or iron. It was carefully examined by Davy in I7fifl. "'ho P^' 
pared It In the pure state bv a method discovered by Bcrlhollet m 17^, 
via. bv heating ammonium nitrate- Davy determined its t‘om posit ion 
and examined its physiological action. He called it nsfrotuf 
Its use as an anaesthetic and its peculiar effects ( laughing gas ) arc 
well known. 

r>xi.l 0 i, not e«sily . 5 T,th»i»<I. ri.i.prn»n. Onodman and 
Sli.‘[d,rr<l ( I92«) ob.ain«l il bj- paaing «. oleetr.c- 

gen at I..W pra^urein. tuboof roseclaibc., thewaltaofwhicl, ha. 

been aaturnte.1 with oxyBOr, by paaaing a <l»cbargo throngl. that gaa at low 
preHKiire in the tube. 

contain some nitrogen. 

Heat about 30 gm. of [Kira ammonium ni.rate, prcvio.uly drio,! at ICS*, 
in mtU o«r uirlgauxa. Tha»l. melu at 170* (.v-han ^nita dry ; 
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MSUaHy at 105*5, an«l lo t\ccom\H^ bdow 200’. The reaction is 

oKOtbcnmc : KII^NO.^ N*,0 , 2H,0 ^ 5 k- cal.. at.<l if tho salt » healed 
above 250’ it is liaWe to esplwle ; before IhU occurs, nitric ox.de, nitrogen, 
and ammonia are evolveil. 

The gas U purUied from higlM^roxalts of nitmeen by passing through 
potassium permanganate solu lion, fruin chlorine (derived from ammonium 
chloride in the ammonium niiratej and nitric avid vn|Kjur by Sixl.um 
hydroxide solution, and from ammonia by concentrated sulphuf.c 
avid, and is collected over warm water or mercury, or by <lowiiwnrd 
displacement. 

Nitrons oxide U prepared for use as a mild anaesthetic j it is carefully 
purified from cliloriiic and nitric oxide and liquefied by compression in 
steel cylinders. 

Very pure nitrous oxide Is obtained by mixing solutions of equi* 
molecular amounts of hydroxylaminc hydrochloride and sodium 
nitrite, warming gently if iwccssary : 

NHjOH t HXO, -N,0 + 2H,0. 

Nitrous oxide U produced by the reduction of moist nitric oxide by 
sulphur dioxide or sulphites, or of nitric acid by metals or stannous 
chloride under special conditions : 

2N0 +SO, + H,0 « H«SO< + NjO. 

4Zn + lOHNO, (dilute) -4Zn(N0,). + 5HjO + N,0. 

2HNOj + 4SnCl, ^ $HCl -4SnCl| + 5HjO + K-O. 

A mixture of I vol of concentrated sulpluiric acid, I vol. of concentrated 
nitric acid, and Id voU. of water is said to evolve fairly pure nitrous 
oxide w'lth zinc. 

Properties of nitrous oxide .—Nitrous oxide is a colourless gas, about 
U times as heavy as air {normal density 1*9777 gm./lit.) with a faint 
sweetish odour and taste. It is appreciably soluble in water and more 
soluble in alcohol. The volumes at S.T.P. absorbed are : 

Tampefauire • . 0* 5* 10* 15* 20* 25* 

1vol. of water -1*3052 1*0954 0'9!9C 0*7778 0*0700 0*5902 

1 vol. of alcohol -4*178 3*844 3*541 3*20$ 3*025 -- 

The solution has no action on litmus ; nitrous oxide is a neutral oxide 
and doea not beliavc os the anliydriile of liyponitroiis acid, althougli it 
is formed by its decomposition : HjNjOg ® NjO + H.O. When cooled to 
-90* or exposed to pressure (30 atm. at 0* ; 50 atm. at 15*) the gas 
forms a colourless mobile liquid, b. pt. - $3*7* ; the critical temperature 
is 86*5*, the critical pressure 71*G0 atm. It is thus rather easily 
liquefied, and the liquid exists under pressure at room tcmjwraturc. 
The density of the liquid at the b. pt. is 1*26 ; wlien cooled in liquid 
air, or when rapidly evaporated (not spontaneously on reducing the 
pressure, as in the case of liquid carbon dioxide), it forms a snow- like 
mass, with some transparent crystals, m. pt. - 90*8*. 

Nitrous oxide supports combustion more vigorously than air, since 
on decomposition it yields a gas containing one-thiri its volume of 
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oxypfin, 85 com [Wired with one* fifth in air : 2 N’ 50 * 2 Ng + 05 . Decom* 
position of nitrons oxide begins at 520^« and is complete at 000*. At 
lower temperatures the principal reaction U + but at 

1300* the reaction 2NgO «2NO - N* also occurs, Tlie gas is decomposed 
by electric sparks, and some nitric oxide is also formed. This gives a 
gas containing lialf its volume of oxygen, but docs not support com- 
bustion so ea^ily as air or nitrous o.xide. This is probably because 
nitrous oxide is more easily decomposed by heat than nitric oxide, which 
is stable to a1>out 1000*. Combustion in nitric oxide, once begun, is 
more brilliant than in nitrous oxide. 


A taper bums in nitrous oxida with a brilliant fiame, and charcoal 
buruia, and a glowing eliip is rekindled, os in oxygen. (The dry gu should 
be lued). Nitrous oxide h dUtingiiuIicil from oxygen by its smell. Us 
greater aul ability in water and ulcoliol. and the fact tliat it doss not pro* 
duco a rctl gas with nitric oxide. 

Urightly burning phosplioriM burns in nitrous oxide with a brilliant name, 
firnnng phosph<»rus pcnioxide and a little re<l nitrogen dioxide. Feebly 
burning sulphur is estinguislic<l. but brightly burning sulphur coutinuos to 
burn vigorously with a double flame. The outer large, fiickoring, yellow 
fhvrne corresiwnds witli the reaction 2NjO « 2X, + 0|, and the inner, bright* 
blue flame to the reaction S + 0, * SO,. Sodium an<l potaasluiii on heating 
burn in the gas to oxide*, and iron wire bums (u in oxygen. A hydrogen 
f hii lie is great I y enlargoil in n i t rous o x i< lo. Tl ic igni I ion |»oi nts of I lydrogen , 
ethylene and propvlonoaro lower in nitrous oxide than in oxygon or air, 
probably o» ing to'the lulalytic efleca of trai-ee of nitric oxiile funned. 

Kitrous oxide is an emiolhtrmic compound (X, + J0,-N,0 - 10'7 
k cnl ) and is decomposed inlo its eicnients by ttie shock of exploding 
niereurv fidminnte. If mixed with detonating gas (2H, + 0,), nitrous 
oxide is also eomplctclv <iecomposc<l on exjdosion, and this may be 
used to determine the conii>o»ition of the gas. 


Two vols. of nitron* oxUl. when mixe<l will. electMlylic gns nnd «• 
n1<-led leave H.roo voinmes of p» (all tlio elecn.lytie gas is csi.lcnso-i U. 
linni<l water). On Irealmenl with alkaline pyrogHlI.il, I vol. of oxygen » 
nUcrbed, and 2 vols. ofnitr.«en are left. Tluu 2N..O,. l.enro 

v= I, and Uie formula is X.O. C*y-L<i8*oe nn.I Ihenard (ISU) 
■leterinincd the eomp.«ition of nitron, and nitric oxi.les by beating pota*. 
si.i.n in a measured volume of tl.o gas confine.1 in a bei.t tube over .nercu^v. 
With nitrous oxUle. after cooling, an equal volume of .utr,.gon 
■n.e ROS may also be accomp.»cd by I.ealct iron wire, as m ibo 
‘xitirin this way J.qn«oa an.l Bogdan (1904) found that 1 vol. of N.O 

gave I 00080 vols- of N,. 

Tl,e.e extxTiments show tl.at nilmu4 ozide eonlains Hz own rofKra* 
J hese cxptri 5a V n The dcn«itv gives tlic molecular 

’"ITu' “But hU ont l^molecdar weight nitrogen, N,. of 
and“\he"cfr 44-28 = 10 ,«ru. or one atom of oxygen. 

'‘VXmu.a m^^'Kidby exploding the gas with 
ea^i—MDavy, 17(W). If 20 e.c. of nitrous ox.de mixed with 20 e.o. 
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of hydrogen aro exploded, 20 c.c. of nitrogen arc left. The hydrogen 
must have combined with lU c.c. of oxygen to form liquid water, so that 
2 vols. of nitrogen are combined in 2 vols. of nitrous oxide with I vol. 
of oxygen, and the formula is N- 0 . , 

Nitric oxide docs not usually explode witli hydrogen, but if mixed 
witli an equal volume of nitrous oxide and willi hydrogen, both gases 
explode when sparked, 

In an experiment a mixtntc of 20 c.e. of nitrons oxide. 20 c.c. of nitric 
oxide, and 4U c.c. of hydr<»sen was oxplwled. Thirty c.c. of nitrogen ro* 
mained. Of this, 20 c.c. must have come from the nitrous oxide : 

K,0 + H, = N, + H,0 
20 e.c. 20 c.c. 20 c.c. 

hence the 20 c.e. of nitric oxide gave 30 - 20 = 10 c.c. of nitrogen. Again, 
20 e.c. of hydrogen arc used up by the nitrous oxide, so (bat 40 - 20 - 20 c.c. 
of hydrogen have coinbinetl with (lie oxygen in tlie 20 c.c. of nitric oxide, 
Nvh ich must t herefure hs \'e been 1 0 c.e. Thus. 20 c.c. of n i ( ric oxide eo ntain 
10 C.C. of nitrogen an<i 10 c.c. of oxygen, or one molecule contains half a 
molecule or one atom of nitrogen, and Imlf n molecule or one atom of 
oxj'gen. Hence the formula of nitric oxide is NO. 

Dinitrogen trioxide. — Red vapours obtained by distilling diluted 
nitric acid M*ith arsenious oxide or starch, on cooling in a freeting mix- 
ture, give a dark -blue volatile liquid, which is dinit rogon trioxide, 
NA: 

As A + 2 HNO 5 + 2H,0 - N A + SHjAsO* 

2CeHioO|+ l«HNO, -9NA * 0(COOH), + I3H,0. 


Heat 100 gni. of while arsenic with 80 ml. of nitric acUl of sp. gr. 1*30 
(5G per cent HKO,) In a large flask with a long tube connected by a 
psrsfTlneil cork with 0 gloss worm cooled with ice ond solt (Kig. 259). A 
deep 'blue liquid condenses, and » etdiccted in a tube in ice and salt. The 
tube may be sealed to prescr\‘e tl>e liquid. VapOHr$ 0 / hi^h€r ozifie4 of 
t^Urogen arc <Jangcrcu»ly pet^nous. 


The red gas is absorbed by sodium hydroxide solution wdtii formation 
of sodium nitrite, and b^* concentrated sulphuric acid with formation 
of nitrososulphuric acid. It thus behaves as if it were nitrous anhydride, 

• 2NaOH + N,0, - 2NaNO, + H,0 

2S08(0H), + N A - 2S0t(OH)O NO + HA 


The vapour density show's, however, that the gas is a mixture of 
equal volumes of nitric oxide and nitrogen dioxide, so that N| 0 , in the 
gaseous state is almost completely dissociated : N^O, ^ NO -tNO,. 


Ramsay and Cundall {1885) collected gaseous nitrogen dioxide in a tube 
over mercury and introduced into it a thin bulb hi led tviUi nitric oxide. 
When the latter was broken there wwa no change of volume, >vhereas 
according to tlie erperim«»ters there should have been a contraction if 
K, 0 , is formed : 


NO + NO,*N,0, (contraction J) ; 2N0 + NA*2N,0, (contraction i>. 

I 
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Dixon nut) Petite in <IH9d) poirit«<l ant tliat if I herd been no com* 
binntion an ex/xuawt of nearly 10 cx. slioiilil liav© ocenrred, clue to ciis* 
aociation of XtO, j>re9tont in (i>o nitrofsen dioxide, owing to iU dilution with 
the otlier gaa : 2NO|. Since there wa« a contraction of about 0*3 

c.Cm there miwl Imve been reaction lewling to <Hminntion of volume, which 
they oaf^umetl to be formation of XsO>. With nitit»gen dioxUle and an 
iiidiftercnt gaa. <»r with NO above 50 \ there was tlie normal expansion of 
ide.c. The gas obtained by mixing lOOwls. ofNO amJ 100 vole, of nitrogen 
dioxi<lo (NOt and at 27* they calculated should have the following 

coniiMwit ion : 

N,0.. XO,. KO. Hfiv ToUl. 

Refore mixing . • 6« 32 100 0 200 

After mixing - • 62 36 94 8 200 


Accosting to H, B. and M. Raker (1907). the blue lifjuid dried by pro- 
loiigetl exixiauro to phoaphorue pentoxid© may I>e vololillsed without 
doct>m|Mwition. anti has a vapour <lensity eorreapontiing w'ith N,0| ; in 
presence of a trace of moisture it decoinpoeoa : X,0> ^ NO + NO,. Other 
©xpcriinontcrx did not confirm this result. 

Liciuid ilinitrogen trioxiilc is obtaiTfced by the action of nitric oxide 
on solid nitrogen dioxide cooled in liquid air. It is not oxidised to NOj 
by oxygen below - 100% mclU at - 102*. and (tuiless qintc dry) begins 
to decompose at -2I*. 

A mixture of nitric oxide v.ilh oxygen or mr, jf rapidly made m 
presence of alkali, is quickly absorbed with formation of nitrite only, 
and thus behaves as if it contained N,Oj : 

4X0 4 0, - 2X0 4 2X0, ©a 2N,0, 

N,0, +2KOH -2KXO, 4 H,0. 

If the gas mixture is allowed to stand, it is more slowly absorW by 
alkali with formation of both nitrite and nitrate from the nitrogen 
dioxide formed by the complete oxidation of the nitric oxide : 

2N04 0,-2N0, 

2NO, +2K0H - KNO, + KNO, + H,0. 

Tn 20 c e of pura NO in a 3 cm. <liametcr tube over tncrcury containing 
IOC c of eonea^tratad KOH a<l<l rapi<lly 25 ex- of air. Almost imme<liat© 
ILorntion c,f th© red gas occura and 20 cx. of X, remam. To 10 c.c. of 
MA infL second tube, without alkali, add 25 of air, an<l after 2 inuiu^ 
a<Ul 10 C.C- of potash solution. Tli© rod gaa is absorbed and 20 c.c. of N, 

or KO io.o a 

By m ^ ith a 

ofairp^ g Obsen’e the tlou- ai.pcaranc© of th* yoUnw 

::^::rte';oVo“.‘%irc.tiog th* .it** ro.,uiro.. for .ho oxidation of KO .n 
ailuto gaaeo. 

These roactiona were though, to xhow tha, •? »).* 

^ ex?rat‘'^‘’b7tho“"wi4 dou^^'orthfaileetl of oxid;tion of NO to 
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NOj wlien half tfic NO is oxiUisctl in tJic l<?rmo]ecular reaction : 
2NO-fOj*2NO«- 

Nitrous acid and mtritas. — Schcolc (1774) found that the residue after 
jicating nitre ([)ota&iiuni nitrate) effervesced with acids and gave a red 
gas, hence he concluded that it is a salt of a new acid ; it is poUssiuD 
nitrile: 2ICNOa*2KNOj + Ot- TJic reduction occurs at a lower tem- 
perature by fusing potassium or sodiutn nitrate with load or cop per » 
extracting with water, filtering from the metallic oxide, and evaporating : 
NaNOj + Pb - NaNO, ^ PbO- 


A little sodium hydruxUie is formeth since nitrites decompose at a high 
temt)weture : 3NoXO, = Na.O + N«NO, + 2NO 

5NaNO,= No,0 + 3NaXO,+ N, 

Xa,0 + H,0 = 2Xa0H. 


Tills di«ois'Oi!i lemi oxiilc. Lead hydroxide is precipitated by neutralising 
with nitric acid. Tlie cry^^tals of Bjtnte are dried at 50^. They have 
4 yellowish colour and usually contain some nitrate. Potassium nitrite may 
be obt4ins<l similarly but <loea not crystallise w-ell, hence it is ]>recipit4toil 
from the solution by alcolioh or is fnsetl and cast into sticks. 

Purer nitrit<tf arc formcti !>>* poking tlio rctl evolved on heivting 
nitric acid ^'ith arsenious oxide into a solution of olkali (sp. gr. 1'3B) or 
carbons to out of contact w’ith oir : 


2KOH + tXO + NO,) ^ 2KNO, + H,0 
Ns,CO,-r (NO + NO,) a 2XaNO, + CO,- 

Purs potnssiuin nitrite is obtainetl by decomposing omyl nitrite with 
alcoholic potash : 

C.H.iNO,* KOHaC,Hi,OH (amyl alcohol) 4 KNO,. 

Potassium and sodium nitrites arc slightly, and their concentrated 
solutions markedly, yellow*. Tlie solutions are not alkaline when the 
salts are pure, Sodium nitrite melts at 284®, and 4 parts dissolve in 5 
parts of water at 15®. Its crystals arc thin flat rhombic prisms, moder- 
ately deliquescent; it may be purified by recry sUllisation (unlike 
KXO,). Potassium nitrite, m. pt. 441®, forms minute short monoclinic 
prisms containing no water ; it is not deliquescent when quite pure, 
and is soluble in one ‘third its w'eiglit of water. 

Barium niWk is prepared by mixing hot. olmost saturatoil solutions of 
sodium nitrite and barium chloride, filleting from sodium chloride in a hot- 
water funnel, and allowing the fill role to cryatalUso : SNaNO, + BaCI, ^ 
2NaCl + Ba(NO,),. Tlie salt is reery'stallisod and dried over sulpluaric acid 
when it fonns Ba<X0,),.H,0. 

Silver nitrite AgNO, is obtained as a yellowisli-white, sparingly soluble 
(0*33 gm. in 100 water at 16*) precipiute, when alkali nitrite is added to 
silver nitrate solution. It is imrified by recr>*sUllisetion from hot w'aUr. 
Aeorly all other nitrites are soluble. 

^ “ '‘'trite solution, free .litroa. 
«w UNO, IS formed, but tiis decomposes, nitric oside and nitrogen 
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<iioxi<io being libcratcKl. The solution has a pale* blue colour, due to 
N^Oa. Tlie decomposition of nitrous acid in fairiy concentrated 
solutions is probably : 

2HNOj ^ N,Oj + H,0 5 a NO + NO, + H,0. 

In dilute solutions it decomposes according to the equation : 

3HNO, se HNO 3 4 2NO 4 H,0. 

Tl»c amount of nitrous acid or left is never more than a few per 
cent. A pale- blue pure dilute solution of nitrous acid is obtained by 
precipitating a solution of barium nitrite with dilute sulphuric acid ; 
it slowly decomposes, especially on heating or shaking, with evolution 
of nitric oxide. The fre? acid can be titrated with s^ium hydroxide 
and alizarin red as indicator. Nitrous acid is rather weak : 

(N0,'1/(HN0,]-5 * 10-* at 15". 

Nitrous acid and nitrites arc reducing agents: HNO, + 0»HN0j. 
They reduce acid permanganate, dichromale, and bromine water, but 
not 'alkaline permanganate. They may be estimated in solution by 
running into excess of warm acidified N /2 |)otassium permanganate, 
and titrating the excess with sUndard oxalic acid : 

2MnO/ 4 5N0 j' 4 6H - 2Mn ' +5NOj' 4 3H,0. 

The reaction with bromine water is: 


HNO, > Br, 4 H,0 - HKO, 42HBr. 

Nitrous acid and nitriles sometimes act as taidising agents : 2HN0, 
- 2NO 4 0 4 H,0. Iodine is liberated from acidified potassium lodulc : 

2H1 4 2HNO, -2H,0 4 1 , 4 2NO, 

indigo is bleached, stannous chloride is oxidised to sUnnic chloride : 

2SnClt 4 4Ha 4 2HNO, - 2SnCl4 4 N,0 + 3H,0, 
ferrous salts are oxidised to ferric salts : 


2Fe 4 2NO,' 4 4H -2Fe 4 2KO 4 2HA 

sulphur is precipitated from hydrogen sulphide, and sulphur dioxide is 
nSd to sulphuric acid. In presence of atma-^pheric oxygen, NO 
will jS<^»c^itrous acid, so that a small amount of nitrous acid may 

“tR liSS'SS. t™™ Md. |b)u. o.gu, 

* k\ i« n t^st for nitrous acid or a nitrite in acid solution, btill more 
0*1 ttsU are (i) the brown colour uith » solution of metaplicnylonc- 
delicate t«es U in h\xlrocliloric acid, and (ii) the intense pmk 

'‘7'?.', wi^^ a reix^^of solutions of sulphanilic acid and ..naphthj^- 
in Icctic acid. Tl.cse two reactions are used todeWrmine nitrites 


in water. 
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dilute to 250 ml. Di&soK'e 0-2 (rm. a-nA{>>iihyIamm« in 10 ml. /rlnoiul 
acetic acid •¥ 50 ml water and dilute to 300 ml. Mix enual volumes 
before use. 

Nitrites detonate violently wlion heated wiili Ihiosulpliates or cyanides. 
A mixture of sulphur, pota^iiim carbonate and nitre, or of nitre and |>ntaH* 
sium cyanide, detonates violently when heated. These mixtures sometimes 
cause surprisea in qualitative analysis. 


NitrogeD dioxide and dinitrogen tetroxide. — If nitric oxide la mixed 
with oxygen or a gas containing free oxygen, a red gas is produce^]. 
This consists mostly of nitrogen dioxide ; 2N0 + 0, but Ik* low 

140* |>art is associated to form dinitrogen tetroxide: 2K0 , ^Nj 04- 
Tho oxides NjOj and NO^ were 6rst clearly distinguished by Gay. 
Lussac and bv Dulong in 1816. Nitrogen dioxide was discovered by 
Priestley in 1777. 

If a dry mixture of I vol. of oxygen and 2 vob. of nitric oxide is 
passed sloidy through a Urge bulb so as to allow time for complete 
oxidation, and then through a 
spiral tut^ cooled in a freezing 
mixture, yellow liquid dinitro- 
gen tetroxide is condensed. 

But the reaction 2NOeO{B 
2N0| requires time for com- 
pletion, and if the mixed gas 
is passed rapidly into a cooled 
tube a green liquid condenses, 
which is a mixture of dlnitro- 
gen tetroxide and blue di- 
nitrogen trioxide formed from •^••“-PrxparatieB of nitrogen dioxide 
the dioxide .nd unchanged fron. t«.d 

nitric oxide. If the gases are moist the liquid is always green : 
4N0, 4 H,0 -2HNO5 + N,0,. 






The velocity of the reaction 2N04 0|-2N0s deereoaes with rise in 
temperature ; at - 184* it is 100 times as fast as at 0*. 

Nitrogen dioxide is formed the action of conuriirated nitric acid 
on copper or bismuth : 


Cu + 4HNO, -CutNOj), + 2NO4 + 2H,0. 

It is usually prepared by the decomposition of lead nitrate by heat : 
2Pb(NO,)* - 2PbO + 4NO, + 0,. 

gas may be passed through a phosphorus pentoxide tube to dry it, 
and pas^ into a ^iral condenser cooled by a freezing mixture (Fig. 250), 
the liquid formed being collected in a cooled tube, which may be sealed* 
TAe vapour m poioonous. 


Heat dry powdered load nitrate in a hard glass tube, and pass the gas 
evolved through a G-tubo cooled in a mixture of ice and salt <Fig. 292) 
A yellow liquid collects. Hold a glowing chip over the exit of the 
collecting tube : it bwste into flame, showing that oxygen is also e>'olved. 
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Pour tKo N,0, on orusJied ico in a (es( tube. A deop'blue ityet rich la 
N,0, sopnmtos: 2N,0, + 2H,0 2HNO, + 2HNO, N,0, + 2HNO, + H,0 
(Kritsclie. 1840). 


A more oonvenient method of preparing nitrogen dioxide is by the 
action of nitric acid and phosphorus pentoxide on a mixture of nitrons 
a nil yd ride and nitrogen dioxide, obtained by distilling arsenious oxide 
with a mixture of concentrated nitric acid and half its weight of con* 
centrated sulphuric acid (Ramsay and Cundall. 1 81)0) : 

NjO, 4 2HNO3 aNjO^ + H.O. 

To the blue liquid obtained by distillation add excess of PaO( and 
fuming nitric acicl drop by drop \intil the colmir changes to yellow. The 
mixture should be kept well cooled in a freesing mixture. Distil and 
collect as before. 

The best method of preparation is to heat nitrososulphuric acid 
(■* eliambcr cry stab **) with dry pota.«sium nitrate : 

NOHSO4 + KNO5 -N%0| + KHSO,. 


Pmm sulphur dioxide sfoicfy into itrll footeii fuming nitric acid in a retort 
until the liquid becomes a pasty mii«« of crystals of nil roeosulphuric acid. 
Aik I dry powdered potassium nitrate, stir well, stopper the petort» lioat 
gently and collect the N,0* as sbove. 

Properties of Bitrogen dioxide-'-Di nitrogen tetroxldc In a good 
freezing mixture solidifies to pab -yellow, nearly colourless crystals 
melting at -OtH* to a honey-j*cllow liquid (the liquiil supercools 
stfonglv) The solid probably consists almost entirely of N^Oi, which 
appears to be colourlcas, The liquid at the melting fwint already wn- 
tains some NO,, which is strongly coloured. On warming, the rolouf 
deepens • at 10* it is yellow, at 15* orange, ami at 219 it is reddish- 
brown, and the liquid boils, giving a red vapour. The colour of the 
vapour darkens on further heating, sa may U* seen by comparing two 
bulbs containing it, one at the ordinary temixTature : at 4<) it is 

cotour change accompanies a decrease in density (rwluced to 
S T P 1 to 140*. when the density becomes constant and corrw[ioims 
with NO,. The intermediate deiwities corresiwnd with the dissocia- 
tion ; Klo^aeSNO,. Values for I atm. pressure (density referred to 
oxygen - 16 ) are : 

TemperAture 

21 . 9 * (b.pt.) 

26-7 

60'2 
1001 
1350 
140 0 


Density 


30 61 

15'7 

3$*3 

20' 1 

30* 1 

52'8 

24-3 

80*3 

23' 1 

90' 1 

22<OC 

1000 
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colourless and dissociation U complete, 
cooling : 


Recombination occurs on 


NA sol'd ^ N,0* Uq. N A (vap.) 5^ 2NOj 2NO -*• 0,. 
- 904 ® 21 * 9 ® 140 “ 620 “ 


The composition of nitrogen dioxide U found by passing it over 
copper heated to bright redness (otherwise NO is formed) ; 

4Cu + 2NOj*4CuO + N,. 

Nitrogen dioxide vapour is a stipporter of combustion : it kijtdles a 
glowing chip and strongly burning phosphorus and carbon burn in it. 
'Potassium inflames spontancoti!<ly in the gas. healed sodium bums in it. 
and a spiral of heated iron wire combines with the oxygen, leaving half 
the volume of nitrogen r 2NOj ■ N, ♦ 20,. The composition of the gas 
may be determined in tins way. Tin is oxidised to dioxide, carbon 
monoxide to carbon dioxide at the on! i nary temfierature ; hydrogen 
sulphide deposits sulphur and the nitrogen dioxide is reducctl to nitric 
oxide: NO] + H 2 S«NO H^O 'f S. A mixtureof the gas and hydrogen 
is reduced to ammonia on passing over heated platinum : 2NO, + TH, « 
2NH,+4H,0- 

Nitrogen dioxide U absorbed by concentrated sulphuric acid to form 
nitroBMulphuric acid and nitric acid, and since tlioso decompose ouch other, 
s state of equilibrium is attained: NA + Ht•SO(^SOs(OH)’O’NO + 
HN0|. The gns is absorbed by alkalis witli formation of a mixture of 
nitrito ond nitrate: 2KOH4’NA*KNOa + KNOa + HA Boryta be* 
come* inconticsccni at 200“ in the gas. Quicklime, and oxUles of sine, 
aluminium, and lead, absorb the gas on I tenting, but froe nitrogen on<l 
nitric oxide are liberated with quicklime (Oswald. l9Uh from the calcium 
nitrite lixst produced (Partington and Williams, 1024) : 

2CaO + 4NO, « Ce(NO,), + Ca(NO,), 

Ca{NOd$ + 2NO, «Ce(NO,lt + 2NO 
Ca(NO,), + 2NO » CatNO,)i + N,. 

Nitrogen dioxide reacts with copper forming cuprous oxide, which then 
absorbs a further quantity of the gas : 2Cu N0,sCu,0 + NO (Park and 
Partington, 1924) : the so*ca]led '* nItro*copper " produced is not a definite 
substance. 


Hyponitroua acid,— Divers (1871), by reducing a solution of sodium 
nitrite or nitrate with sodium amalgam, neutralising with acetic acid, 
and adding silver nitrate, obtained a yellow precipitalo of ailver hypo- 
nitrite Ag,NAi« Sodium hy^nitrite Na,N,0, ia best prepared by 
reducing a concentrated solution of sodium nitrite with liquid sodium 
amalgam. 

Excess of sodium amalgam is added to a solution of 25 gm. of sodium 
nitrite in 75 ml. of water : the reaction evolves heat, and by the prolonged 
wtion of the amalgam the hydro xylamine formed is removed. The result- 
ing ammonia is removed by exposing the solution over concentrated' aul- 
phurtc acid in a vacuum desiccator. Granular crysub of sodium hypo- 
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nitrite. Xa^NtOt.dHtO. sloviy separate. They are washed u'ith alcohol and 
asnin exposed in the vneuum desiccator, wlien they fall to a white powder 
of anhydrous salt. Xa,X|Oi. stable in air. 


Hyponitrous acid is formed in small quantities by the action of 
nitrous acid on hydroxylamine (Wislicenua. 1893) : 

HO - N H, + 0 : X OH = HO N : N OH + HjO, 

but most of it decomposes into water and nitrous oxide: 

NjO + HjO. 

To a solution of hydroxylamine sulphate add sodium nitrite solution. 
Heat rapidly to 60^, then a<ld silver nitrate solution. A cAnary.ydlow pre< 
cipitate of silver hyponilrito U forme<l. If the conditions are not correct, 
a yellowish* white precipitate of silver nitrite is obtained. 

Sodium hyponi trite is formed in poor yield by warming sodium hydroxyl* 
amine sulphonate with sodium hydroxide: 2HO'NH*SO)Na + 4NaOH^ 
Nq,X, 0, + 2Na,SO, + 4HjO. Tlio produces formed by passing nitric oxide 
into a solution of sodium in liquid amnionia. or tl>e sodium compound of 
pyridirtc sus|>oniled in benzene, have been supposed to bo sodium hypo* 
nitrite: 2 Na + 2N0 * No|N,0,. 


If silver hyponi trite is added gradually to an ether solution of hydro- 
gen chloride in absence of moisture, and the filtered solution evaporated 
in fflcuo, crystalline laminae of free hyjonitrous acid. HjN|0,, are 
formed, which explode feebly when dry. the solution decomposes with 
evolution of nitrous oxide : H^NtO) ■ HjO +NjO. 

H> ponitrites in acid solution reduce permanganate : 


oH^NjO, ^ SKMnO* * 12 H ^04 - 

iaHN0j^4K,S04*8MnS0, + 12H,0. 

In alkaline solution a nitrite U formeJ. They arc very stable towards 

rc<lucinu agents, . . . , „ , 

The formula H,N,0, of the acid is supported by the following 

evidence : 

1. Acid ami normal salts Ba(HN,0,), and BaN.O, arc known. 

2. The lowering of freesing point of the solution of Iho acid corresponds 
with HiNjOj. 

3 Bv the action of ethyl iodkie on silver hyponitrite, ethyl hyponitnto 
is obtained, llw molecular weight of which correeponds with the formula 

^ 4 The esters have no dipole moment, hence the formula of hyponitrous 
acid is the f~«a- modification. thotwoN-OH groups bemg on opposite aides 

HO-N 

of the double bond : 11 

N— OH. 


The salt* and esters deer,m[>ose on iieating : 

3Sa,K,0, - 2XuNO, + 2.Nn.0 + 2N, 
(CH,CH.),.\-,0. = CH.t-H.OH . CH.CHO t N., 
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By the action of sodium on NaKO, dissolved in liquid ammonia, yellow 
sodium hydroaitrits NdjNO, is formed, which explodes in moist air (Maxtod, 
1917). 


Kilramide. — By the nitration of potassium imidosulphonate under special 
conditions, and hydrolysis, an isomer of hyponitrous acid called nitramide 
is formed : 


HN(SO,H),-^NO, N • (SO,H),->NO, NH, + 2H^O*- 
2H' OH 


Thiele and Ltchmann represontod it as NH, NO^ i.e. the amide of nitric 
acid, or as HH:NO(OH), i.e. (ho imide of nitric acid, KO|*OH (one oxy(Ee?i 
atom being replaced by =KH). Nitramido is a white crystalline 8oli<l, 
more stable than hyponitrous acid but readily decomposing into water and 
nitrous oxide. It has feebly acidic properties and forms a mercuric salt 
HgNNO,. 

Hypo&itric acid. — If methyl nitrate is added to a solution of free hydro* 
xylamine and sodium methoxido in methyl alcolKtl, the sodium salt of 
hyponitric acid NasMaOj. is obtained : 

NHjOH + CH^KO, «i H,K,0, + CH,0H 
H,N,0, 2CH,OKa- Na,KtO,*»* 2CH,OH. 


This is slowly dccompose<l by boiling wdth water: 2Na|N,0|-f HaO» 
SNaNO, 2NaOH, Tlio solid salt wdton heated deeomposee into 

nitrite and hyponitrite: 2Naay|0>sKatKs0| + 2NaNOt* On acidifying 
the salt, the free acid liberated at once decomposes into nitric oxido and 
water: 2KO -i* H|0. 


Nitrosyl chlonde. — A mixture of I col. of concentrated nitric acid and 
4 Tols. of concentrated hyxirochloric acid was called by the alchenusts 
oqw regia because it dissolves gold. " the king of metaU it owes this 
property to the presence of free chlorine. On warming ogua regia, it 
otoItcs an orangery e How mixture of chlorine and nitrosyl chloride 
(Gay*Lussac, 1&48): HNO)*t'3HCl«NOCl SH^O. The gas is 
dried by calcium chloride and passed into concentrated sulphuric 
acid : chlorine passes on, whilst nitrosyl chloride is absorbed as 
nil rososulph uric acid : NOCI + SO,(OH)j -SO,(OH)*O NO *•* HCl. (Tho 
nitrososulphuric acid can be prepared in other ways : see below). 
Mlicn nitrososulphuric acid is warmed with sodium chloride, pure 
nitrosyl chloride is evolved : 

SOj(OK) 0 NO NaCl - SO,(OH)ONa +NOCi. 

Nitrosyl chloride is formed by direct combination of nitric oxide and 
chlorine I more rapidly in presence of animal charcoal at 40^-50^ : 
2N0 -¥ Clj a 2NOC1 ; and since it is the acid chloride of nitrous acid , by 
the action of phosphorus pcntachloride on potasrium nitrite • PcL + 
KNO, - NOCI + FOCI, KCl. * 

Nitrosyl chloride is an orange-yellow gas with a suffocating smell, 
wndeosmg to a niby-ted liquid, b. pt. -5*5^, denrity 14 at -12^’ 
forming in liquid air a lemon-yellow solid, red at the m. pt. -61*5®. 
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II is readily deeom{)09e<l by water and alkalis: NOCl + 2KOHs 
KNO{ KCi + H«0. It lias no action on gold ur platinum, but attacks 
mercury and m<»<t other metals; 2Hg + 2NOCl»Hg2Cl2 + 2KO. It is 
stable, but dissociates above 700' : 2NOCI ^ 2N0 + Ch- It forms com* 
imunds with many metallic chlorides, e^. ZnCI,.N0Cl ; FeClj,NOCl ; 
with MnClj and FeClj, the com|>ounds >lnClJN0] and FeClj[N0) are 
formc<l- 


Nitrcsyl bromide, NORr. a blackish ‘brown liriuid, b. pt. *2*, is formetl 
by pn&iing nitric oxide into bn^inine at > 15*. At the ordinary temperature 
NOBr> is formal. NiUosyl fluoride. NOF. a gas. b. pt. -599*, m. pt. 

- 132*5', is rorme<l bv tixe reaction KOCI * AgK»NOF + AgCI. Hitrosyl 
perchlojaU, NOClO*. is a soli«l formeiJ by passing NO + NO, into ver>' con* 
centrat«<l |>ercblonc ackl. 


Kitrosyl hydrogen sulphata or nitrososulphuhc acid. — This compound, 
which is formulatctl as (NO)HSO, or SO.lOHl'O-NO, supposed to 
be formed as an intermediate stage {chamber erysUxU) in the lead chamber 
process, can be obtained in a number of ways. It was obtained by 
Clement and Desormes in 1806 by the interaction of oxides of nitrogen, 
sulphur dioxide, and a regulated amount of moisture (p. 475) : 

3NOj + 2SOj + H,0 -2S02(0H) 0 NO NO, 

It is formed on passing Ihe red vapour* from arsenic trioxidc and nitric 
acid ip. 640) into cooled concentrated sulphuric acid : 

NO -K NO* N,0, ^ 2H,SO^ ^ 2S02(0H) 0 N0 *► H,0. 

Nitrososulphuric acid is violently deccmposwl by water, effer- 
vescence, evolving rwl fumes, so that the reaction is reversible. It 
dissolves in coneentrate<i sulphuric acid and In sulphuric acid containing 
not more than 3.5 tier cent of water, but in more dilute acid decomposi- 
tion occurs, and the nitrogen compounds arc then almost completely 

exiiclled on heating. . 

Pure nitrososulphuric acid is best prepared by paasing su (ihur 
dioxide slowlv into well-cooled fuming nitric acid (containing oxides ot 
nitrc^cn). anil draining the white crystal* so formed on a porous tile 

in a desiccator : ^ HNO^ -SOj(OH) 0 NO. 

The ervstaU melt with decomposition at 73" and white crystallme 
nitrosyl diwlpbaU. (NO),SA OlNO-O-bOd* is formed, m. pt. 217 . 
b. pt. 360". 

Nitresvl disulpliate is more conveniently prepared by the action of nitric 
trioxicle at 200* : 3SO. . 2NO« (NO),SA ^ SO,. « by 
the action of liquid sulphur dioxide and nitrogen dioxide m a sealed 
tube : 2SO, + 3NO, = (NO),.S,0, ^ NO* 

oxveea compounds of tulrogeo.-ny the action of ^ dis* 

^ of niimcen an<l oxygon, Houtefouille and Chappms 

7 of wlUd. they e.p,.o,od 

iTltropi bMozid. N.O.. tl.cg«e having«clu.r,,ctcr«tic ebsorpt.on epectfum- 
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It forms an oxidising solution with water, supposed to contain pomitric 
acid : N ,0, + H ,0 * HN 0* + H NO,. Raacliig ( 1 004J found that a m ix turo 
of sodium nitrile solution ami hydr<^©n peroxide liberates bromine from 
potassium bromide solution, which neither docs se|»arately. and supp<«ed 
that pemitric acid is forme<l- According to Clou (1935) the oxidising sub* 
stance is prmitrous acid Os=N— 0— OH (isomeric with nitric acid). 


Structure of oxides and ozyecids of nitrogen » — The niiroui ends 
molecule is linear and has two atoms of nitrogen adjacent : its formula 

may be written :N; :N::0: or N^N=0. The structure of 
Qicric oside must involve an odd electron and may bo uTitten as a 

ruoMnu hybrid o{ :N: :6: and :N::6: or with a three .electron 

bond :0;:N: (Pauling. 1031). The aitrogea dJoiids molecule also 
eontsins an odd electron and may be formulated as a resonance hybrid 

of :6::N:0: and :d:N::b: or of :6::N:0: and :6:N::6: 

and the molecule is probably bent. Diaitrofso isttoxids ap()cars to have 

0. .0 :d::N:d: 

a link between the two nitrogens — N/ or *• • 

:0::N:0: 

* I » 9 

the bonds to oxygen being e<]ualjsed by resonance; or it may be nitrosyl 
nitrate O^N'NO. The structure of diaiiroscatfieiids maybe 0sN*0*N~0 

or 0*N'N0. DiaitrMsa psatoade b formulated as /N — , or 

(K X) 

:0: :0: 


:0i;N?0‘N;0:»by analogy with the formula of nitric acid (see 
* * * * * * 

below). The electronic formulae of aitne aeld (!) and of the nitrsu ioa 
(11) may be written : 


:0: 


0 


1, :djNfd;H U. 


0— H 



• • ax •• 

n. [:0; N TO:]* 

• • ¥4 



but the three bonds between oxygen and nitrogen (which are all of 
different types in the above formulae) are levelled out by resonance, 


s.g. among the structures : 

0 

11 

0 

T 

O'— N=0 

0' 

0=N^0 

Of-N— O' 

so that the bonds become klentical. 
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The nitrate ion in solid sa1t< is sliown b}* X-rays to be a Bat equi* 
lateral triangle with tlie nitrogen in the centre and the three oxygens 
at the vertices (cf. tlie carbonate and sulphite ions, p. 470). 

Nitroos Mid may be formulated as H ; 0 : X ! : 0 i.e. H — 0 — N^O, 

the nitrite ion being (:0:X: rOf. The H atom in the acid, or the 

radical R in the esters (e.g. C.HjXOj. ethyl nitrite), is directly attached 
to oxygen, since the esters on retiuction yield alcohol arid ammonia 
(with some hydroxy lam inc) : ltO*N -=6 + <>H = R0H + NH, + H 5 O. 
In the n(Vro«roni;io»H<fs (which arc derivatives of nitric acid), e.g. 
C,H|NOj nit poet liane, isomeric with nitrites, and formed by tfjc action 
of silver nitrite on alky) iodides, the radical Is directly attached to 
nitrogen, since on reduction they yield amines : R NOj + bH ■R'XHj 
h. 2H,0. In the nitro-group, -XOj. one oxygen is attached by a 
double bond and the other by a coordinate link, with resonance, as in 
nitric acid : 


: 0 : 




R ; N : ; 0 i.e. R— N=0. 

Nitrogen never has a co valency greater than four, tbe old formulae 
involving quinque valent nitn^n being incorrect. Silver and raer. 
curous nitrites are pale yellow solids and may have the nitro-group 
structure. 

Kitrogen sulpbides.— Nitr«)g«i sulplikle N,S* is an orange -nx I cp>'stallin« 
solid obuineil by the action of dry ammonia on a solution of sulphur 
chloride ond chlorine in benxene : ir»SHj + «SCI,a + 2 S+ 12 NH 4 CI, 
OP on thionyl chloride, or by action of sulphur on liquid ammonia. 
lOS + 4NH, SI* X 4 S, + 6 HrS. It melts at I7«% is explosive on prcussiom 
an.l is <lecomT>ostNl by hot water. It combines with chlorine to form a 
tetrachloride N.S.CI., anri reacU with S,(1, to form iluetntbwJ 
N S Cl which is convcrte-l by nitric acid into a cr>*Atallme nitrate 
The molecular weight of nitrogen Rult)hide in solution n^rresponda wth the 
formula N*S, ; its stnwtiirc b not known. A blue modilication of N,S* » 
obtaine^l by sublimation of the ordinary fonn over silver gauze. Nitro^ 
nenUauIphkle '» as a dcep-re<l lic|uid. m. pt. 10 - 11 • when 

N,S, U heate<l with ctrlwn disulphide in a smlwl tube at 100 . It decoin* 

of hfdroxylamine and ammoaia. — Tho following com* 
p<.un.^ arc all sulphonic acid derivatives of hy<lr>xylamme. in which H w 
8 ubstitutc<l by — SOi'OH ; 


HONH(SO,H) 

H. monosulpbcaic add 

80,H O NH, 

H. lee oicaoauipboiuc add 


Hydn>xvUmine 

HOXH, 

HOX(.SO,Hl, 

B. disul^onic acid 

SO,HOXHfSO,Hl 
B. (AO'disu]pboa>c acid 


HSO,0'N(SO,H), 
H. tnsulpbonie acid 


jcssJ SULPHON'IC ACIDS OF HYDUOXYLAMIXE 5«1 

Hy<lroxylamin6mono.andili8ol|>bc.natM arc formed by tiieoction of nitrites 

on acid sulphites, os dearribed on p. 524. 
the first pfCKiuol appours to be bydroiyUmine disulpbomc acid : 

HONO + 2HSO,H = HOX(SO,H), + H,0. 

Tl'is mav xindergo hyilrolyeia or further siilphonation ; 

H 0 'N(S 0 *H), 4 H ,0 = H0 KHS0,H (hydfoiylamine oenosulphomc acid) 

+ HjSO*. , - 

IlO N(SO,H), + H SO,H»K<SO,H)* (aitriJosuIpbCBJC acid) +• H.O. 

Tlicso aubsiancea ore intormochale protIucU in the oxidation of eulpliuroiia 

10 aulpimric acid bv means of nitrous ocUI. .... 

liy the action of KNO, on KHdO. in sohitUm potassium hydroxy lam me 

disulphonate is formotl : 

KNO, + 3KHSO,= HO-N(SO,K). ♦ K,SO, + H,0- 
On acIHina lead dioxide the potMaiiim aalt of bydreiyUoin* trisuipheoic acid 
is forme<) (Fremyj 1545 j Ho;rn, 1904) : 

HON(SO,K), + K,SO, + PbO, = (KSO,)ON<SO,K), + PbO + KOH. 

Wit)i very dilute acul this loses one SO>K aiuched to nitrogen, giving a 
salt of hydrexylimios /so-disulpbodc add KSO» O NH SO,K (lUachig, Haga, 
1906). Hydrorylaauae #so*CBonosttlphoak acid is obtainetl by the action of 
chlorosulphoixic acid on hydro xylaini no ealU (Sommer, 1914) : 

NH,OH + ClHSO,.Ha + NH*OSO,H. 

It is the amide of Cam’s acid and has oxidising pro|>ortiee, liberating 
iodine from KI. 

By oxidising a wonn soliitixm of |H>Ussium hydroxy lamina disulphonato 
with leiul dioxide, a bluish- violet solution of potaasiuen aiwosedisulpheiute, 
ONlSOaK), is fortnod : 

2HO-N(SOjK), + PbO,» 20X(S0,K), + H,0 + PbO. 

Tlie blue solution is (laramagnetic and jirobably contains the free ratlical 
with an odd electron : .q. 

^ • 

KO,S :N: SO,K 

but the goltlen-> ol)ow ncc<lle«<loposite<i fixun it arc«llainagnotic and hence 
probably dimeric [OX(SO,K)a)«. 

The action of sulp)uir dioxide on uitrososulphuric acid ("chamber 
cr)'stals") produces an unstoblo purple lUpiid which Roschig supposed to 

O 

II 

contain lutresuulpbciuc acid, KG’N^SO^H. which readily decomposes with 
evolution of nitric oxide : HtSXOtsH^SOi 4K0. A purple ferrous salt is 
formed when nitric oxide is passed into a solution of ferrous sulphate in 
concentrated aulpJiuric acid, and sooms to be the cause of the purple colour 
formed in the " brouTi ring test " when only small amounts of nitrates are 
present. Manchot regarded tlie purple ferrous compound as a nitroao* 
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compoiuid [Fe{KO))SO|. and Hantzsch regarded the purple acid as a 
hydroni(r<t8o*salt (XOH)HSO« formed by retiuction of [NOIHSO^. 

KUrilosulpboue add, is a derivative of ammohia ■, crystals of tl>6 

jjota^iiiin salt arc formed by the reaction between concentrated solutions 
of i>otaasium disxilplute and nitrite : 

2K^S,0, + KXO,* + K^O,. 

On boiling its salts for a short time with water, they form salts of isidO' 
disulphoiiic actdj NH(SO>H)|j N'|SOjK)> + HjO®NH(SOjK)t + KHSO4. On 
further hydrolysis, salts of amidosulpboaic add, NH|'SO»H, are formed: 

NH(SO,K», + H,0» KH^O.U + KHSO,- 

Amidosulphonic acki (or wtphamic acid) is obtau^ed by heating urea 
with exceed of 100 |>er cent sulphuric acid at 140’ : with etjuimolecular 
amounts, imidod)sulj)honic ack) is obtained (Uaunigarten, 1936) : 

C0N,H4+ 2H,S04«C0, * NH,SO,H + NH.HSO^ 
NH^SOdNHd X XH,SO,H = NHlSO.NH,),. 

SulpbsBude SO,(NH,), and sulpbimldt, existing in a trimeric form, (SO,NH>„ 
are formed by the action of ammonia gas on a solution of sulphury I 
chloride in benzene : 

SO, a, + 2NH,» SO,|NH,), + NH*Ch 
and by heating Buli»hamide at 180* till ammonia is no longer evolved : 

SO,(KH,), a SO,XH 4 KH,. 

Tliey form silver compounds SO,(XHAg)i and [SO,(KAg)],. 


CHAPTER XXXI 
PHOSPHORUS 


Hiitoit.— Brwid. of Hamburg, by disliHing evaporatorl urine obtained 
phoaphorue (Greek ph<» light. ;>A«ra I bear) in l«7+-5 ; the phoephftte ui 
urine on heating fonna aecUum metaplicrtplwte an<l Una i« re<luc<yl on strong 
heating with carbon (from cWreil organic matter): 4NoPO,^X- 
Xft,P,0, + 5C0 4 2P. RromI maJe krwmn lua process to KmrTt, uho 
showed idioaphonia at the (*ourt o( Charles II in 1077. There it waa aeon 
by Boyle, who waa told by Kraflt that it was obli.ine<l from a human wufce- 
Bovle (who callwi it nor/ifrmO rttlbcovere.! it by .tUt tiling evajMiroted urine 
widi eomi, and |mblishe<l tlie prej^mlion in I OHO. Kunckel m 16/0 had 
indepenilently redwcover^l pht«|>lionis. Uabn about 1770 tliacovero<l 
calcium pliosiihate in bone*, nml Scheole (ireiwrod phosphorua from bone- 
ash. The proceaa formerly usc<l on t lie largo acalo (sec below) for tUo pre- 
paration from bone-iwh wiu devisee I by Schccle in 1777. 

Occmrence.— Pliosphoru* always occur* oombinctl, the average per- 
centage in the lltlioephcre being 0'I57 and in ordinary aoilOd per cent. 
Tlie primary minerals arc probably apatite SCajiPO^lj.CaF, and 
chhropctitc 3Caj(PO*lj.3CaClj. which are liard and practically insoluble 
in dilute acids. From tlicm, secondary deposits of calcium phosphaic 
(Da^lPO^}, have been formed by weatliering, although some consist of 
fossil bones. Phosphorus also occurs in meteorites, 

Tlio “ soa pliosphate* f J7. coprciitf» (calcium phosphate of fossil 
excreta), and Cfidrlctton /Am/jAoIc (37 i»or cent P,0,) from river be^ in 
South Carolina, are easily <l«s«npose»l by sulphuric acid. ” Hard ” varietiw 
are the SiwuiisJi mineml* (^nttHttHnriic (33 per cent P|Oj) and 40v\brerUe 
(35 per cent P,0»). KedouJa />Ao4/duJ/« (35-10 per cent PiO,). a cheap and 
rich oro from the M’wt Indies, i» nluminium jdiosphote .^IPO*, irfliW/iVc is 
basic aluminium phosphate 4AlPO,.2Al<OH),.9H,0.and m«ia»it7c is ferrou* 
phosphate Fe,(P 04 )i. 8 H, 0 . The richest phospJmto deposits are in Norlh 
Africa and Florida. 

Phosphorus compounds occur in vegetable and animal tissues, 
especially in seeds in which they are concentrated in the germ (cereal 
grains, except rice, contain 0 4 per cent of P). Yolk of eggs, nerves and 
brain, and bone-marrow contain fatty esters of phosphoric acid [Ucithim 
or ghjcero-pjiosphatei). 

In order to repair tissue waste and provide phosphates for bonee, phos- 
phorus compounds ore essentia] in foods. Plants take them from the soil as 
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calcixuli phosphate^ An4i bone moal anti calcium superphosphate are used as 
fertilisers. 

Fresh bones contain about 58 per cent (ivory 87 per cent) of calcium 
phosphate with some calcium carbonate, fau. and organic matter containing 
nitrogen. Charretl bonce (animal charcoal) are used in decolorising sugar 
8>Tup. When no longer active t)»ey aro burnt to 6oNe*asA containing about 
80 per cent of calcium phosphate, with calcium carbonate and a littja 
f^uoriile. 


PrtptfAtioo. — Pl)ospborus is obtained by reducing phosphoric acid 
or a metal phosphate. Since the oside is stable and strongly 
exothermic : 2P + {0| -P^Os + 360 k. cal., an energetic reducing agent 
or a high temperature Is required, and silica is usually added to form a 
silicate with the metal. On the small scale aluminium may be used 
with sodium metaphosphate and silica: 6NaP0|-**3Si02-f 10AI« 
SNa^SiOj 4’5A1|09 + 6P, and on the large scale calcium phosphate, 
carbon and silica in the electric furnace. 

Mi.K I gm. of powdered aoilium metaithoAphate. 0 5 gm. of aluminium 
powder and 3 gm. of Hne white sand, all being dry. Host strongly in a hard 
glass tuba in a current of dry hydrogen. Phosphorus distils and condenses 
in the cool part of tlio tube. 

In the old process for making phosphorus, bonc-asfi was decomposed 
by hot 60 per cent sulphuric acid to form insoluble calcium sulphate 
and phos|)horic acid. The phosphoric acid was Altered, evaporated, 
mixed with powdered coke and distilled in fireclay retorts at a bright* 
red heat : 

CajlPOjlj + 3 HjS 04 -SCaSO^ * 2HjP04 (orthophosphoric acid) 
HjPOi ■ HfO + HPO9 (metaphosphoric acid) 

4HP05 + J2C*2H4Tl2C0 + p4. 

Phosphorus is now made by the direct reduction of a phosphate by 
carbon in presence of silica (Wblilcr. 1H2^) at a high temperature in the 
electric furnace (Read man, Parker and Robinson process. 1888). This 
method can bo used with ” hard “ phosphates, since the mineral is not 
treated with acid. 

A mixture of plioaphatc. sand (or cni»lMxl quarts) an<l coke is fed into a 
chised floe trie furnace provided a-itli on outlet above for gas and idiosphorus 
var)rjur. a slag liole below, and on o^lpwtable carbon electrode between 
which ond the carbon base an electric arc is struck (Fig. 283). 

The phosphate is decomposed by silica at II58* : Co,(PO *)2 + 3si(j,- 
3CaSiO >P>0|. The calcium silicate forms a molten slag. The plios* 
phoi^ pentoxide vapour is reduced by carbon at about 
Urbon monoxide end phosphorus vajwir : r,0» + OC « 2P -r oCO. The 
cooled cos is passed over water in con«lc«sers when erode jdiosphorus 
separates Tho dark-coloured product is purified by molting under 
chromic acid solution, when some impurilies oxidise and dissolve and others 
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separatd as a scum. The liquid plMwphonie may be filtered by press. 
\ng through chamois leatlicr. The colourless phosphorus is cast inU) 
wedges (about 2 lb.) in tin moulds, 
or into sticks by running the liquid 
into glass tubes cooled in water and 
drawing out the stick at the other 
end. 

Most of the phosphorus made is 
used in the manufucturo of matches. 

Some is used in making phosphor* 
bronze and incendiary and smoke 
bombs, as a poison for rats, and in 
the preparation of phosphorus tri* 
chloride, pentachloride. and pentoxide. 

Piiosphorus exists in two nitia aUo* 
tropic form : U'Aife pAoephoru.) (some* 
limes called “ 3 'eUow ” phosphorus 
although it is quite colourless when 
pure) and red phosphor iu, which is 
the only stable form. 

Whits phospbonis. — Ordinary white phosphorus is a translucent 
white solid like wax, density 1*63. On exposure to light it rapidly 
becomes yellow. It Is soft enough at the ordinary temperature to be 
cut with a knife— an operation which should alw ays be performed under 
water. Below 5*5^ it is brittle and the crystalline structure is seen after 
etching w'itli n (trie acid . Large tra nsparcut cry stab of t h e cubic system, 
usually rhombdodecahedra, with a pby of colours like diamonds aro 
formed by the slow sublimation of phosphorus in a vacuous tube, one 
end being kept coo) by a moist cloth. The tube b kept in the dark, since 
on exposure to light the cry stab become red and opaque. 

White phosphorus is kept in bottles under water on account of the 
ease with which it takes fire in air. It has a low melting point (44"). It 
boils at 287" yielding a colourless vapour the density of w'hich corres- 
ponds with Pf. Above 700" the density decreases, indicating partial 
dissociation : At very high temperatures dissociation into 

atoms occurs : P, ^ 2P. 

White phosphorus is very sparingly soluble in water but b soluble in 
benzene, turpentine, olive oil, sulphur chloride, phosphorus trichloride, 
and especially in carbon disulphide. The elevation of boiling point of 
the latter solvent gives a molecular formula P* agreeing with that of the 
vapour. On evaporation out of contact uith air the solution in carbon 
disulphide deposits crystab. By shaking melted white phosphorus 
under a cold solution of urea it forms a fine powder. 

A characteristic property of white phosphorus is the ease with which 
it undergoes spontaneous oxidation when exposed to air at the ordinary 
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temperature, accompanied by a green glow or phosphorescence. If 
warmed to about 50® it inflames in dry air and burns with a white flame, 
forming white fumes of the pentoxide PjOj. U inflames spontaneously 
in chlorine, explodes Tiolently in contact »*ith liquid bromine, and in* 
flames in contact w'ilh solid iodine. It dissolves slowly in concentrated 
nitric acid to form phosphoric acid, and in hot alkali hydroxide solution 
with evolution of phosphine PH^. 

Phosphorus docs not bum w*hen heated in pure oxygen dried with 
phosphorus pentozide (Baker, IflSS). Finely divided w^hite phosphorus 
inflames spontaneously io air, and melted white phosphorus bums 
under w'ater in contact with oxygen. 


Pour a solution of phosphorus in carbon disulphide on a piece of blotting* 
paper su|iportc<l on a tripod. Tlte solvent rapidly evaporates and the 
finely divide<l phosphorus catches liro and bums with the formation of 
fumes of P|0« (Lampwlius, I80C). A solution in ether shows phos* 
phorosccnce when poured on hot water or rubbc<l on the skin. 

Place a few bits of pliosphorut in w’ater in a test* tube supported in a 
beaker of water. Heat the water in the beaker and pass a current of 
oxygen through a tube into tltew'ster in the (est*ttil>e above the phosphorus. 
W'Uon the tem|>erature reaidies 00* tl»e phosphorus takes Are and burns 
under water in contact w itli tlie oxygen, forming flakes of red phosphorus 
and a solution of phosphoric acid. 

Sticks of white phosphorus under water in presence of air slowdy 
acquire a wdiitc crust, which is ortlinary phosphorus detached by 
unequal oxidation ; according to BauJrimont (1BS5} it Is not formed in 
water free from air. This crust slowly turns red and tfic colour spreads 
through the mass. 

White phosphorus is very poisonous, the lethal dose being about 
0*15 gm. Workmen exposed to the vapour arc liable to decay of the 
bones, especially of the jaw (“ phossy.jaw ”), and its use in the menu, 
faeture of matches has ceased. 


The modern “ strike snywl»ore " matches have heads containing phot* 
phorus sulphide oxidising agonU such as ijotassium chlorate or man* 
gonose dioxide, glue or gum M a binder, an<l i>ow<lar«l glow to increase the 
friction. Tho heads of sofety mAtohes contain no phosphorus but are com* 
pourjded of antimony sulphide and siil|>luir and oxidising agonW such os 
potassium chlorate and red lea-l. whilst the strip on the box contains rod 
phosphorus, powdere<l glass and a binder. „ . ^ A 

Besides or< Unary or «• wfUte j)liosphonis a second cr>'stol I me form, p-wn i le 
phosphorus (hexagonol). is known s it b formed when ordinary white phos* 
phor« is cooled to - 76'9* or is subjected to about 12,000 atm. pressure, 

Bed phosphorus w'as prepared by Schrottcr in 1W5 by heating white 
phosphorus for a few hours at 230* in a flask filled with f ^ 
cwbon dioxide. The liquid deposiU a red powder and finally solidifies 
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<45 a purplish -red mass. The transformation begin.s at about 215’, is 
fairly rapid at 250’, ami nt hi| 5 her temperatures it is reversible and U 
strongly exothermic: P (while) -P (red) +4-22 k. cal. Red phoa- 
jjJiorus also remains when white phosphorus burns in air, or in oxygen 
under water, and was formerly thouglit to be a suboxide. 

Brodia (1853) showed that the ttanafonnation is rutalyswl hy a little 
iodine, and then occurs at 200\ Tl>e ehanjK> occurs when a little iodine or 
selenium is added to a solution of white |>hrMph<»riis in carbon disulphide. 

Red phosphorus U macle by heating alwut a ton of wliite phosjihonis in a 
large cast*iron pot with a cover, through which |Muwes an upright iron tid)e. 
The pot is unifonnly heated at 240% the lem^wature l>eliig contndityl by 
thermometers protccte«l by iron tubes, since ph<i<phorus attacks glass. A 
little phosphorus bums, absorbing oxygen from tl^o air in the vessel. The 
herd solid in the |>ot U ground under water ami bnile<l with caustic soda 
solution to remove unohange<l white phosphnnis. It is rcpeote<My waahe*i 
with hot water an<l dried with sicuin. It iNiially cimtains about 0*5 t>er 
cent of white phosphonis ami some phuaphoric aci<l. 

Commercial red phosphorus is a violet •ro<l powder, density 2* 1-2 2 
without smell or taste and U not poisonous. It is a feoblc conductor of 
electricity. It melts under pressure at 502*5’. but on heating at atmos- 
pheric pressure is converted directly into vajmur. w'hich condenses to 
white phosphorus on cooling. 

Heat a little ro<l phosphorus in a hanl glass teatdube in a slow currant of 
dry carbon dioxide passed through a tube in a rubber stop]>or also fitted 
with an outlet tube. \Mnte p]u>s|)liorus eotidonaes on the up{>er cool part 
of tlte test 'tube. 

Bed phosphorus in general is much less reactive than white phos- 
phorus. It does not glow* in air but on exposure beeontes moist from 
slow oxidation to phosphoric acid. It does not igiiilo in air below 240’, 
docs not bum in chlorine unless heated, bums qtiietly in contact with 
liquid bromine, and does not inflame in contact with solid iodine but 
combines without incandescence on heating. It is Insoluble in carbon 
disulphide and in hot alkali h^'droxide solution, but dissolves in con* 
eentrated nitric acid, rapidly on heating. 

White phosphorus Is metastablc under all conditions and tends to 
pass into red, although the change is very slow at the ordinary tem- 
perature in the dark. If liquid white ]>hospliorus is contained in one 
limb of a n-tube at 324’ and solid red phosphorus in the other limb at 
350’, distillation occurs to the hotter limb. 

Ordinary red phosphorus was thought by Schrotter to be amorphous, 
but it really contains small rhombobedral crystals (Pedler, 1890 ; 
Betgers, 1893). The colour varies according to the temperature of 
preparation, from reddish- yellow throi^b bright sealing-wax .red 
(ep. gr. 2*15), to dark violet-red (sp. gr. 2*34) after long heating. The 
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colour deponds on the particle sue and the extent of development of 
crystalline form. Yellow and scarlet forms are amorphous, and some 
kinds of commercial red phosphorus are mixtures of the scarlet amor- 
phous and the violet crystalline forms. 


ScaxUt amorphous phosphorus is obtained as a hne powder by exposing a 
solution of white phosphorus in carbon disulphide or phosphorus tribromide 
to sunlight, when tlie yellonr pow^Ier first deposit^ turns red fPedler), 
or by boiling a 10 per cent solution of white phosphorus in phosphorus tri- 
bromide for ten hours (SchMck). It is a fine scarlet powder, sp. gr. I '876. 
more active than common red phosphorus, but oxidising only very slowly 
in air, and is not poisonous. It dissolves in alkali with evolution of phos- 
phine and turns black. Prepare<l in this way it contains phosphorus tri- 
bromide : it may be obtained pure by heating phosphorus tribromide with 
mercury at 240“ (Wolf, 1916} : 1 3Hg = 2P -f 3HgBr,. 

The cr^italUne Jonnd oj rtd pko$ph9ru$ are called ?hMphonu-III and 
Phospborus-lV. 

The common form is PbospboriB-tn or violet phosphorus (also calletl a -mtUiliic 
pho9i>hQru4)^ discovered by Hittorf in 1866. It is fnnne<l by heating 
ordinary red phoephonis in a sealed tube at 630^. the up])er pari of the 
tube being kept at 444 when it sublimca in brilliant 0(>a<|ue rhomboho<lral 
crystals, isomorphous with As, Sb and Ui, sp. gr. 2 3 1C or 2*34, in.pt. 693'6“. 
The crystals are also formed by dissolving white phospliorus in fuserl lead 
or bismuth in a sealod tube, allowing to crystallise, and dissolving out the 
metal in dilute nitric acid or elect roly tically {block and Clomolkn. 1909). 
It does not oxi<lisa in air and is a non-conductor of electricity. It is prob- 
ably thesams as the violst phospbores, sp. gr. 2 35. m. pt. 689' 5*, obtained by 
Bridgman (1916) by heating white phosphorus with a trace of sodium under 
very high pressure. 

Pbosphcrus-lV or black pbospbons (or ^•me/attk ph^phorus), discovered by 
Bridgman (1914}, is crystal! ins. sp. gr. 2 '69, m. pi. 687-6*, end is formed 
irre^'ereibly from white phosphonie at 200* under a preesiirs of 12,000 
kg./sep crn. It does not ignite at 400* in air and is a fairly good conductor 


of electricity. 

A provisional phatt diagram for phoephorus is shown in Fig. 204, but 
the actual relations are rather ^ 

comjiUcated. Tlie cufvee end \ M 
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O » black phosphorus (P-iv) Isa triple point (P-iii, P-iv. liquid). DL giv« 
the variation of tho transition temperature of violot to black 
measure. 0 is the critical point of liquid phosphorus, about 695 and 82 
Itm. The values of dT/dp along FH <P-n P-O and EK (P-i a* Uq.) are 
0 012® and 0 020® per atm- reapectively. 

The glow of phosphorus.— The vapour pressure of wJiite phosphorus 
at 20* is 0*027 mm. and the vapour oxidises spontaneously in air, 
emitting a faint green glow and white fumes. The glow is produced 
with mere traces of phosphorus vapour (5 x 10“* per cent in a gas in the 
absence of inhibitors)* and is used as a test for free whiU phosphorus 
{MiUcfurlich's tut). 

A piece of white phospUome is boiled in water in a Hask eonnectod with a 
Liebig's condenser. Phosphorus distib with the steam 
and a glow b seen in a dark room at the place where 
the vapour end steam condense in the tube. 

in Smithells* cofd /fame experiment* a few pieeee of 
dry white phoephorus are placed in a dry bolt.head 
and covered with dry glass wool, tlie dask b heated 
on a water-bath. and a stream of dry carbon dioxide 
passed through (Fig. 295). The phoephonia vapour 
oxidieea in the air and a green dame Is seen in a dark 
room at the top of the exit tube. Thb b eo cool that 
a finger may be held in it. and it will not kindle a 
match. 

The floe of pboipbersi was 6rst investigated by 
Boyle (l660-82)> who discovered most of its main 
features : 

(1) Phoephonis glows only in pweonco of air. 

(ii) An acid b formed which iMffora from phosphoric 

acid in giving little flashes of light on heating 

[phoaphine from phoephoroua acid). 

(iii) The glow b produced by N'ery small quantities of phosphorus (1 part 

in 500,000 parte of water). 

(iv) The glow b produced by solutions of phosphorus In olive oil and eome 

other oib. but oUs of mace and aniseed prevent it. 

(v) After long exposure to phosphorus, air acquiree a strong odour 

[osonej distinct from the vbible fumes. 



Fto. 295.— The cold 
flerae experiment. 


About the same time, Lemery. Slare and Hauksbee found that the 
glow b brighter at lower air pressures. Lampadius showed that it b 
extinguished in a Torricellian vacuum (the space in a barometer tube], 
eo that a trace of oxygen b necessary. Fourcroy (1798) found that 
phosphorus does not glow in ordinary moist oxygen at atmospheric 
pressure, but Bellani de Monza (1813) showed that the glow appears if 
the oxygen pressure is reduced, an observation confirmed by Schweigger 
(1824) and Graham (1829). 
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According to Ru^ll (I903)» |)hosphorus glows very feebly at atmos* 
phoric pressure in oxygen dried by sulphuric acid, or even at higher 
pressures if the surface is very clean, lower oxides of phosphorus being 
produced. At pressures lower than 500 inm. at room temperature the 
glow in dry oxygen becontes much brighter, and pliosphorus pentoside 
is formed. Ozone is not formed in i\ry oxygen. The main product of 
the glow in air at ordinary temperature is phosphorus dioxide P, 0 | 
(not P 2 O 3 ), w ith some P^Oj (Miller, 1929). According to Dixon and 
Baker (1889) phosphorus docs not glow at any pressure in oxygen 
dried by phosphorus pentoxide. 

The glow appears in ordinary oxygen if this is mixed with an Inert 
gas, and phosphorus glows in ozonised ox.vgcn at atmospheric pressure. 

In oxygen at atmospheric pressure the glow 
appears at 27* and is very bright at 30*, when 
the phosphorus eery easily indamea. 

A stick of phoHphonu U placed in the constricted 
part of a tube containing oxygen confined over mer- 
cury, the levelling tube being atliusled so that the 
gas is at almosphoric pressure (Fig. 290). Xo glow 
is seen in the dork. If the levelling tube is loworofl 
so as to reduce the i)rcssure, the phosphorus begins 
to glow. 

Heat a pieoo of phusj)horus with olive oil in a 
flask on a water*beth. Cool the solution and pour 
it into a round lilro flask fitted witli a rubber 
stopper with two delivery tubes. Displace the air 
by dry oxygen. I1ie glow ceases. Cloee one tubs 
with rubb^ tubing and a clip and connect the other 
with an aif'pump. Shake the liquid round the 
insi<le of the flask. On reducing the pressure of 
the oxygen the glow appears suddenly at a certain 
reduced |ireesuro. 

Graham (1829) found that the glow is inhibited 
by the vapours of ether, naphtha, and turpentine. (The action of 
essential oils had been observed by Boyle.) One part of turpen- 
tine vapour in 4444 parts of air was sufficient. Later observers 
found that the vapours of many essential oils, camphor, naph- 
thalene, carbon disulphide, and especially iodobenzene, inhibit the 
glow. 

SchOnbein (1848) reluied the glow to the fonnation of osone. (D 
essential oils which destroy or dissolve ozono inhibit the luminosity, 2 at 
low temperatures no ozono is formctl ami i>bo8f)honis docs not glow. (3) at 
25^ the glow is brightest and the prwlucticm of oz.mo is a maximum. It is 
doubtful if ozone is directly fonrKxl by the gh>w react iun. and re- 

ported that ozone is formed by tlic action of the iiUra-violct light of the 


Fjo. 296. — Effect of 
prOMuro on the glow 
of phosphorus. 
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glow on oxygon, being fornied when this light ie pess^ mto o*y^ t^ugh 
I quertt or fluorite window, but Busee 0«27) end F«:libeok and Eich 
(1938) could nut conlirm tlib. 


An old theory tliat the glow was due to the oxidation of PjOj first 
formed was disproved by JliUcr (1926), who showed that carefully 
purified P,0,. freed from wliitc phosphorus by reerysUllisation from 
(S,, exposure to Uglit. and sublimation, docs not gbw in air and also 
inhibiU the glow of phosphorus. 


The glow reaction occura between phosph<jrua wtptmr ami oxygen, since 
it is brighter at lower proaauree, and an indifferent gas (N| or Hg) when 
passe<l over phoapi lorus gloaa wl ten mixed witi i oxygen . In a at ream o f ai r 
the glow is detached from the «>ltd phosphorus. Tlicre is also a lower limit 
of oxygen preasiire below which phc»sphorus does not glow. The glow 
seems to be the result of a cliain raoction (p. 2I6|. involving the production 
of lower oxidaa of phosphorus, taking place between P, and 0, moleculaa. 


Phosfhori's Hydrides 

Two well-defined pliosphorus hydrides arc known, the gaseous 
pbMpborui trlbyarids PHj {^09phine or photphortttid hydro 0 tn) and tho 
liquid pbosphotM dihrdfids PjH*. Some ill -defined solid hydrides 
P|H, and P,H,) arc probably impure red pliosphorus. 

Phosphine PH, was discovered by Gcngcmbre (1783) by heating 
white phosphorus with alkali (see below). Traces arc formed by lieating 
white or red pliospliorus in h)*drogcn, or by adding biU of white phos- 
phofus to a mixture of zinc anti dilute sulphuric acid evolving hydrogen, 
which then burns with a green flame (tliia is a sensitive test for free 
white phosphorus), It is formed by the putrefaction of proteins 
(Gautier and iStard 1882), and the bacterial reduction of phosphateain 
the soil (Rudakov. 1027). and iU sponUneous inflammability has been 
invoked to explain the H'lW-o'-fAc-irisp seen in marshes. 

Phosphine is usually preportfd by beating white phosphorus with 
concentrated sodium or potassium hydroxide solution, or a paste of 
slaked lime, when a hypophosplute is also formed : 

+ 3NaOH -► 3H,0 - 3NaH,PO, + PH,. 

Some hypophoephite is decomposed, so that 80 per cent of hydrogen may 
be present in the gas: NaH,PO, + 2NaOH =2H,+Ka,PO, ; barj'ta gives a 
purer gas. Hydrogen is also evoh'Sd by the direct reaction : 

2 P + 2NaOH +2H,0*2NaH»P0, + H,. 

Pure phosphine may be obtained by absorbing it from the gas in a solution 
of cuprous chloride in hydrochloric acid (when CuCl,PHtts formed), heating 
the solution, and drying the gas with KOH and P,0* (Riban, 1879). 
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A few pieces of white phosphonis ero placed in a Seek (Fig. 297) contain- 
ing 30-40 per cent sodium Itydroxide solution. The air is displaced by coal 

gas to avoid explosion, and the flask 
heated to a fairly high temperature. 
Each bubble of phosphine which escapes 
from the clalivery tube dipping into 
water ignites spontaneously with a 
bright flash, and a vortex -ring of white 
emoke (part idee of metaphoaphoric acid) 
rises in still air. 

Spontaneously inflammable phos- 
phine is form^ by the action of 
water on crude calcium phosphide : 



Fio. 297.-P«partiion of phosphine. C^P, + 6HjO « 3Ca(OH)a +2PH,. 


A few* pieces of calcium pltosphide are <lropped into a beaker of water and 
covered with an in^*ertet] funnel immersed in the water. The bubbles ofgos 
inflame spontaricously in air. 

A purer gas is funned by the action of dilute hydrochloric acid on calcium 
phosphide. The gas from pure calcium phosphide is not spontaneously 
inflammable (Moissan, 1899}. 


The spontaneous inflammability of ordinary pliosphirie is, as Le 
\*orrier (1835) suspected and Thcnard (1844) proved, due to a small 
amount of the vapour of phosphorus dihyride also formed : 

6 P + 4NaOH + 4H,0 - 4NaH,PO, + P,H 4 . 

Thenard passed the gas through a tube immorse<l in a freezing mixture, 
w'hen the liquid hydride depoeiU an<l the gas is no longer spontaneously 
inflammable. Tlio same result is obtained by passing the gas over recently 
ignited charcoal, which adsorbs the vapour of the diliydride. or by mixing 
the gas with a little other vapour. The pure gas becomes spontaneously 
inflammable if mixed w’ith a little vapour of fuming nitric acid. 

Phosphine which is not spontaneously inflammable, but may contain 
6 per cent of hydrogen, is evolved on heating phosphorous acid (Davy. 
1812) : 4H,P0 j-3H,P04 + PH,, 

Pure phosphine is prepared by dropping 30 per cent potassium 
hydroxide solution on phosphonium iodide mixed wdth broken glass : 

PHJ + KOH - KU H,0 + PH,, 

washing with hydrochloric acid (to decompose P^H,) and sodium 
hydroxide (to remove HI) and (Irving with or by the action of 
dilute sulphuric acid on aluminium phosphkie (prepared by heating 
aluminium powder and red phosphorus) : 

2AIP + SH^SO, = AMSO 4 ), + 2PH,. 

Phosphine is a colourless gas w'ith a very unpleasant smeU of rotten fish 
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and is poisonous ; normal density 1*5307 gm./llt.. m. pt. - 132*5^, b. pt. 

- S7'4^. It is sparingly soluble in water (0*20 toIs. in I of water at 1 7®), 
alcohol and ether: a erystalline hydrate (PHj.H-O or PH4OH ?) is 
formed by releasing the pressure on a mixture of the liquid and water. 
The gas is decompose<l at 440’ by a first onler reaction largely on the 
eurfaec of the vessel (Hinslielwoal and Toplcy. 1924). and by electric 
sparks. 2 voU. depositing red phosphorus and giving 3 vols. of hydrogen : 
2 P,Hj,*=2jP + 3H5, i/«3 and the formula is P^Hj. The density 

shows that tlie mol. wt. is 34. the molecule contains 34 - 3 « 31 parts 
of phosphorus, or ! at- wt., hence i • I and tlic formula is PHj. \Vlion 
passed over healed copper, phosphine forms copper pliosphide and 
hydrogen. 

Phospliinc inflames in air at about 150^. When burnt in a test* tube 
it deposits phosphorus (of. p. 457). A mixture of pure phosphine 
with air or oxygen explodes when the pressure is reduced (Labi Hard i6r<*, 
1817) ; very pure and dry phosphine explodes uith oxygen at all 
pressures, traces of moisture lowering the inflammation pressure 
iTtauU and Gabler, 1029), Mixtures with nitric and nitrous oxides 
explode when sparked : PHj + 4N5O • HjP04 + 4Nj. Phosphine ignite.s 
spontaneously in chlorine: PHj + 4Clj*PClj + 3HCl, It combines 
with many metallic clilorides. The pure gas is completely absorbed by 
a solution of blcaclung powder. It pr^ipitates phospliides or metals 
from solutions of many metallic salts (e.g.CuSO*. AgNOa). These 
phosphides are also formed by heating the solutions with white phos- 
phorus. or the metals with ]>hosphorus. or the pliosphates uith carbon 
in the electric furnaoc. 

Hut a few pieces nf wliite pltospluvnis with a solution of ropj>er sulphate. 
Black copper phosphide CujP is formed : 

3P * 3CuSO, + OH ,0 = Cu,P + 2H,PO» + 3H ,SO,. 

In tho cold, metallic copper is slowly deposited : 

2P t 5CuSO* •*- 8H*0» 5Cu 2 H,P 04 OHjSO,. 

From silver nitrate solution, phosphine precipitates silver, a yellow 
intermediate compound being formed (of. AsH^, p. 457) : 

PH, + GAgXO, a AgjP.aAgNOj-f 3HNO3 
Ag,P.3AgNO, + 3H,0 - CAg + 3HNO, + HaPO,. 

Phospbouium compounds. — Althougli phosphine is neutral it can act 
aa a feeble base, forming phosphonjam ults PH4X analogous to ammonium 
salts NH|X. A mixture of phosphine and dry hydrogen ddorido does 
not react at atmospheric pressure, but if cooled to -35’ or compressed 
to 18 atm. at 15’, it deposits white cubic crystals of pbospboaium chl<ind« 
which dissociate again on warming or on reducing the pressure : 
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PHj-f HC) ^ PH^CI. Fbospboniom bromide PH^Br is more st&blo and is 
produced in cubic crystab when a mixture of PH^ and HBr gas is led 
into a moderately cooled flask, or phosphine is passed into cold saturated 
hydrobromic acid (Ogier, 1879). PborpbooiQD iodide PH 4 I (Davy, 1S12) 
i$ fairly stable and is formed in white tetragonal crystals on mixing PH, 
and HI gas at the ordinary temperature and pressure. It dissociates at 
30^ but the cry stab can be sublimed. It is prepared by the foUoning 
process. 

10 gm. of white phosphorus are dissolved in an ec|ual weight of carbon 
dbiilplude in a tubulated retort, from which the air has been removed by a 
current of dry carbon dioxide : 17 gm. of iodine are then added and the 
carbon diaulphide b diatilled off completely on a water*bath in a current of 
CO,. After cooling, the neck of the retort b connec ted with a wide glaas tube 



and receiver ond 85 ml. of water arc droppe<l gradually on to the phoaphorua 
iodide {Fig. 2$8). l*he retort b then heate<l, at first gently, later more 
strongly to aublime tlie PH,! into the tube. Two waah-bottlea containing 
water are attached to the receiver, to aijsorb the hydriodic acid evolved : 
2P + I, + 4H,0 = PH, I ^ H,PO, + HI. 

Pbospbonis dihydride PjH* b condensed as a colourless liquid from 
crude phosphine by passing through a tube cooled in a freezing mixture. 

The phosphine formed by the action of water on crude calcium 
phosphide, perhaps containing Ca,P, (Ca=P'P^Ca), is fairly rich m 

P,H, vapour : Oa,P, + 4H,0 • 2Ca(OH + P^H*. 


The calcium phosp^iide is a reddbh-bro^-n solid prepared by passing 
phosphonis vapour over quicklime heated to dull redness : 

UP + 1 4CaO = 5Ca,r, + 2Ca,P,0,. 


It is U8e<l for making //ofmraV sfgwof for use at This b » ^ 

canister fillo-l »ith caJeium phMl.i.i-ie an.l attache.! to a T 

canister i, piercod abox-e and belo«- an.l tl.ro«n overboard. The gas .gn.tos 
spontaneously and buna with a luminous flame. 


JXXI) PHOSPHORCS DJHYDRIDE 575 

In the pfeparetion of the liquid hydride piec« of calcium phoephide are 
dropped through a wide tube into water el CO' in a Woulfea bottle (Fig. 
290) tlxo air being previowly displace*! by Ijydrogen. Tlio gas U paasod 
through a tube cooled in water to deposit moisture and the liquid condensed 
in a Hofmann tube cooled in a freezing mixiura- 



Fio. 299.^Prepara(ion of liquid pliosphorue hydride. 


The formula P,H,, analogous to that of hydrazine, is confirmed by the 
vapour density below atmospheric pressure (mol wt. 6615). The b.pt. 
(extrapolated) is ^5l‘7*/760 mm., the m.pt. -09*. The vapour is 
unstable and the liquid also decomposes on ex]>osiire to light, evolving 
phospliine and depositing a yellow solid formed)' regarded as a solid 
hydride PxjH|, but probably impure amorphous phosphorus (Boy on 
and Hill, 1936) : -iP + 4 PH 4 . 

TIte same solid is formed if (he uncondensad vapours from the preparation 
are passed into a flMk containing a little fuming hydrochloric acid. Another 
solid hydride P»H| was ssid to be forme*! by heating in vacinim : 
aPjiH** 6P,H| + 0PH„ and another, P,H,, by the action of very dilute 
acetic tcid on NatP». 

Phosphorus Haudbs 

Phosphorus combines with halogens to form two series of compounds 
in which it is 3* and 5 -valent, PXj or PX^ being formed according as 
phosphorus or halogen is in excess. Iodine forms Pl^ and P}l 4 , the 
existence of Pl^ being doubtful, and there is a chloride P 1 CI 4 . The 
physical properties of the halides are ; 

PF, colourless gas. b.pt, - 95*. m.pt, - 160*. 

PF| colourless gas, b.pt- - 84-5*. m.pt. - 93*7*. 

P|C1, colourlees liquid, b.pt. 180*. m.|>t. - 28*. 

PCla colourless liquid, b.pt. 76% m.pt. - 112*', sp. gp. 1*613 at 0*. 

PCh white tetragonel cr)'s(nls. sublimes at 1 62' 8*. m.pt. 166*8* under 
pleasure. 

PBr, colourless liquid, b.pt. 172*9*. m.pt. - 40*. ep. gr. 2*885 at 0*. 

PBr^ yellow riiombic cr>‘stals. b.pt. ! 06*, decomposes on heating. 

Psl« orange red triclinic cr)‘stals, m.pt. 124*5*. 

PI) dark red hexagonal cr^-stals. m.pt. 61% b.pt. 120* at 15 mm. 

Some mixed halides. e.g. PCl^Br and PF,Clt af® known- 

Phosphorus triflucride PF^ (Moissan. 1884) b formed by the action of 
arsenic trifluoride on phoephorus trichloride : PCI) * AsP) s PF^ + AeCI| ; 
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by warming phosphonis (ribromida with zinc tiuorida : 2 PDr 3 + 3 ZnF |3 
2 PF 9 4 - dZnBr, : and by tieotlng copper phoaphida with lead fluoride. The 
gas does t)ot fuma in air an<l has no action on glass In the cold ; it is hydro* 
lvse<i bv water : 

PF, -4 3H,Os H,PO, + 3HF, 


nml is de(*om[H«e 4 l by sjierking : dPFta3PF^.|. 2P. A mixture of tho 
vnf>our witii oxygon explodes whan sparked, phosphorus oxyfluorido 
rOFj being formal. 

PbosphoTua ps&tafluoride PF^ (Thorpe, 16?7l is formed when ph(«()horuH 
bums in thiorlne ; when anenic trifluoride is mixed with phosphorus pon> 
tuchlorido in a freer ing mixture: SPClff SAsF^sSPFf^SAsCIa ^ by 
wanning ph<»sph«iru 8 fluobroniule (mncla by cooling a mixture of bromine 
oml PFj to - 20 ’) at 15*: 5PF,Br, 3PF| + 2 PRr, ; and by heating a 
mixture of 25 gm. of phosphorus pentoxida and 55 gm. of powdered 
fluurHjtar in nn iron tube : 

flPjO, + M'aF. = 2 PFj + 5Ca(POj>,. 

The gas has tlie normal denxiiy corrcs]ionding with PF|, does not attack 
glass when dry. fumce in uir ; PF^ 4 ’ HjO s POF 9 •»’ 2HF. and cocobinea 
with ammonia gas lo form solUl 2 PFt. 5 NH 9 . 

Pbespborus oxyfluorida POF 9 is obtained by heating a mixture of powdered 
cryolite and phosphorus penloxide in a braic 4 tubo ; it is a colourless gas, 
b.pl. > 39*6% m.pt. ** Cb^ which may be culkH'tetl over mercury. It is also 
fonr>cd by the action of dry hydrogen flutiride on phosphorus pentoxiile, 
an<i of sine fluoride on phosplioms uxyrhiurido. 

Pbosphenis dieUoride is an oily fuming ]ic[ui<t formed by tho action 
of a ailont discharge on a mixture of Pn> va|>our an<l hy<!rogon, and by the 
£M;tion of a sine arc on Pt‘l, (Stock, I92.>). It is probably C1|=P—P^^' 


Pbospbonis trichloride PCI, is a colourlc» liquid made by passing a 
stream of dry chlorine over white or red pliuHpUorus in a retort, and 
condensing in a coolc<i dry receiver (Gay-Lussac and Then ard. IflOfl). 
It is purified by standing over wiiite phosphorus (which removes excess 
of chlorine) and redistilling, and may be kepi in sealed tubes. The 
vapour density is normal The liquid fumes strongly in moist air and 
reacts violently with water, forming phosphorous ncid : 


pa,+3H,0 - H,P0, f 3HC1. 


It forms PCI„6NHa and PCI„8NH, with ammonia, and reacts violently 
with sulphur irioxide : PCI, + SO, - POCI, + SO,. It is decomposed by 
hot concentrated sulphuric acid: PCI, + 2H,SO| - SOjKO + SO, + 
2HCI + HPO,. by sulphur chloride : 3PCIa + S,C1, ■ PCI* + 2 PSC 13 * and 
by liquid hydrogen sulphide (forming phosphorus sulphide). 


3 1 j— I of M hit© phoapliorus is cut un< ler water into pieces. These are dried 
botw^ tiller |)Qper one at a time and inserted by crucible ton^ into a dry 
t.ihidaCed retort previously f1Ue*l with carbon dioxide. A good cork carry- 
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and th« tobo attnclwd by rubbcf tubing to tho drying tubo of a c>ilonn6 
apparatus {Fig. 300). Tlie retort is connected with a cooled dry ^eiver 
with a calcium chloride tube attached. Chlorine is piiased in, the retort not 


Fio. 300 .— Preparation of plwnph-Hus tricldoride. 

being heated. The phosphorus bums with a pale flame fl»rming PCla, which 
distils over. The stream of chlorine must pass rapidly anil steadily } if a 
white sublimate (PCI»> forms, lower the inlet tube nearer the phosphorus ; 
if a yellowish •red sublimate forms, raise tl>e tube. 

Phosphorus peatachlonde PO^ (Davy, 1810 ; Dulong, 1816) is a w'hite 
or pale greenish-yellow solid formed by burning phospliorus in excess 
of chlorine or by dropping phosphorus trichloride into dry clilorine : 
PCI, + Cl, -pas. 

Allow PCU to drop slowly into a <\ry flask cooled in ke. through which a 
stream of diy chlorine is passed. A white powder of 
PC1« collects in tlie flask (Fig. 301 ]. 

Phosphorus pentachloride sublimes adthout pre- 
vious fusion when heated below 100^ at ordinary 
pressure. The vapour is dissociated, completely 
above 300* : PCI, e* PCI, + C!,. The solid roclu 
under pressure when heated in a sealed tube. 

When volatilised in an atmosphere of PCI, vapour 
the dissociation is repressed (by mass action) and 
the normal density of PCI, is found. This U 
found by volatilising PCI, and PCI, tn a Dumas 
bulb, weighing the mixed vapour, and then Pio. 30l.— rrepu«- 

analysing the contents of the bulb (Wurtz, 1873). phosphorus 

, ’’^^r - . . . -. pentachloride. 

In PCI, two atoms of chlorine are very reactive 

and many metaU (sine, cadmium, and even gold and platinum) are 

converted into chlorides when heated with it : 

PCl, + Zn-PCl,-i‘ZnCl,. 

In the vop&ur state tlie molecules PF«. PC1» and PCljF, are trigonal bi- 
pyramids with the phosphorus atom at the centre (Brock way and Beach, 
103$). In 4olid PCI| crystals tlie tetrahedral ions and the octahedral 
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ions PCla" are arranged in a tetragonal lattice whicli may be regarded aa a 
4)idlorted CsCI lattice. In solid PBr^ tlie ions are and Br~ (Clark. 
Powell and Wells, 1942). 


Phospliorus pentachloride is violently and ifreversibly hydrolysed by 
water. The reaction may proceed in two stages. With a little water, 
liquid phosphorus oxyckhridt (or phosphoryl chloride) POCl, is formed 
(Wurtz, 1 847 ). w'hich is hydrol)*3ed by excess of water to orthophosphoric 
acid (of which it is the acid chloride) r 

PCIj+H,0 = P0CI,+2Ha 
POCl, + 3H,0 « H,PO^ + 3HC1. 

Phosphorus oxychloride is a colourless fuming litpiid, b.pt. I07'2^, 
m.pt. 1*38*, sp. gr. 1*712 at 0% formed by the action of a little water on 
phosphorus pcntachloride, and by many other reactions : 

(i) By heating a mixture of PCI( and in a scule<l tuW : 

3Paj+p-Oj“5Pocij. 

(ii) By oxidising PCI, with ozone : PCI, + 0, •POCI, + 0,. 

(iii) By graduallif adding 32 gm. of powdered |x>tassium chlorate to 

100 gm. of phosphorus trichloride and distilling (Derrin, 1883) : 
KCIO, +3Pa,-3POCI, + KCI. 

(iv) By heating a mixture of calcium phosphate and carbon at 300^** 

*350^ in a mixture of chlorine and carbon monoxide (Riban, 
1882 ): 

Ca,(PO,), + OCO + 6C1, -3CaCl, + 21 Wl, -f 6C0,. 

(t) By distilling ])hosphorus |>entac]t]oridc with oxalic aci<i : 

PCI, + (COOH), - POCl, + CO +C0, * 2Ha, 

(VI) By distilling phosphorus ]>enta chloride with boric acid : 

3 W, 2H,BO, -3POn, + B,0, ♦ (iHCl- 

Phosphorus oxychloride sinks in water and shtrh/ dissedves, being 
hydrolysed : POCI, + 3H,0 •HjPOi + 3HCI. With watcT and excess 
of zinc dust it evolves phosphine (PCI, does not). 


Phosphorus bromides and iodides.— White plioaph.mis ext)lo(l» in contact 
with liquid chlorine or br»«nine : litpiid bromine droppeil on wl phosphorus 
in a coole<l Jlwk reacts with evoluli^m of light and pborpboroi Uibroaia* PBr, 
(I isti Is. By add ing bromine to t hi*, yellow solid pbospborai pMUbrowide PHr, 
is formed. The vap<w is di«M>ciiii€d r PBr, e* PBr, + Br,- 
oxvSfOiBiae POBr, is a coburlc« cf>stalline solid, m.pt. 50'. b.pt. . 
formed by the ac lion of a 1 i U Ic wu i er or of oxalic acid on P Br, : 1 1 is formod 

by oxidising PBr,. 

White phosphorus inflames in contact with iodine ; phosphorus di-i^ 
P I and ^Mphorw tri-iodide PI, arc formed by mixing solutions of iodine 
and white phosphorus in carbon disulphide m the 
evaporating^ PI, and POI,arc not definitely known. The di-iodide is 

probably I,P'PIf 
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Oxides and Oxyacids of Phosphorus 

HTpopbospborouft 4cid H^POa 
Phosphorous ocid HaPO^ 
HTpopbosphohC acid HtPjOa 
Pboopboric Acids : 
artbopbosphorie Aoid HaPOi 
pjrropbosphoric ooid H|PtOt 
meUpbospbohe scid HPOa 

Tlio 60 -tnllcd phMphotussukoxid** P.O and P.O are impure red phoapiionu. 
A violet solid said to contain a aoliiblo phospbonis peronds PO, is formed by 
tbo action of an electric disci large on a mixturo of P,0, vapour and oxygon 
{Selienk end Plats. 1930). Th-o psipbosphoric acids H,PO» ami H,P,0» and 
salts are known. 

Wiite phosphorus burns in a free supply of air to form phosphorus 
psatokide first observed bv Bovio and called ’* floueis of pUos()hofU8 . 
In a limited supply of air sonic phosphorus trioxide is forme<l. The 
pliosphorus is extinguished before all the oxygen is removed, and part 
is converted into ted phosphorus. 

Dry the air inside a tall bell jar by a capsule of sulphuric acid. After a 
few houw remove tho capeulo and replace it by a porcelain crucible sup- 
ported on a cork, in which a bit of i^xosphonis is placed. Tho phosphorus 
is ignited by touching with a hot wire. Notice the bright finmo and the 
formation of a snow .white powder iP,Od which rapidly settles. After a 
time the flame becomes larger, greenish, and fliciceruig and P,0» is forme<l- 
Rsd phosphorus remains. 

Phespbonis pentoxide U prepared by the combustion of phosphorus in 
air or oxygen and is very stnble even at 
high temperature (cf. N^Oj and As^Oi). 

The apiMiralus shown in Fig. 302 is used. 

Tho sheet-iron cylinder has an 0 |>cnLng at the 
side through which a copjier s|x>on contain- 
ing burning phosplicras is introduced. Tho 
psntoxide settles into tho dry botllo below. 

Several portions of phosphorus aro burnt. 

Air enters between tlie iron fumral A and 
d)e cylinder on removing i. 

Commercial phosjiHorus pontoxide con- 
tains some trioxide and motaphoephoric 
acid. It is purified by volatilising in a 
current of dry air or oxygen in a hard 
gloss or iron tube, and condensing in a 
cooled receiver. Lower oxides of phos- 
phorus are oxidised to P«0» by heating 

at 176^-220^ in a current of ozonis^ air. The purifled product, if free from 
lower oxides, should give no black colour witli ailvec nitrate solution. 



Pio. ^02.— Preparation of 
phosphorus p^toxids. 


Pbospborus trioBde P>0) or P*0« 
Pbospborus tetrezide or P»0|« 

Fbospboms psntcxide P)0» or P 40 |« 
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The white voluminous powder of phospliorus pentoxiUc becomes 
more compact and less volatile at 440^. If distilled in dry carbon 
dioxide it forms hexagonal crystals subliming at 230^. There are abo 
rhombic and tetragonal forms. Tlie compact variety melts under 
pressure at 5115^. forming a vitreous mass. The vapour density at 
1400^ is a little higher than corresponds with (for the structure 
see p. j8b). 

Phos]>horus pentoxide shows strong phosphorescence after illumina- 
tion, es|»ecially at low temperatures. It has a powerful affinity for 
water, becoming moist and sticky on ex|)osuro to air formation 
of nietaphosphoric add, and il withdraws the last traces of moisture 
from gases. When tlirowii into water it reacts with a hissing noise and 
floiks of mot a phosphoric acid se|>aratc : P^O^ •*-H,O»2HP0j. On 
standing in the cold these slowdy dissolve ; the m eta phosphoric acid 
hydrates to pytophosphoric acid and this slowly to ortliophosphoric 
acid : the changes occur rapidly on boiling (Holt and Myers, 1911). 
Phosphorus pentoxide withdraws the elements of water from oxyacids, 
forming the acid anhN'dridcs, e.g. SOj from H,SO|, NjO* from HNOj, 
arid Clj 07 from HCIO,. 

Orthopbosphoric acid.— Tlic natural mineral phosphates and bone- 
ash contain salts of or(ho]»hosphoric acid HjPOi, and the fertiliser 
guano (excreta of sea-birds) is rich in phosphates and combined nitrogen. 
Another source of fcHillscr phosphate is the basic s/ap of steel furnaces, 
containing Ca*PA of Ca^tPO^b.C^O. The acid was prepared ^ 
Marggraf in 1743 from phosphoru.^ by combustion. He also noticed 
tliat phosphorus increases in weight on combustion. Schcclc obtained 
the acid by oxidbing phosphorus with nitric acid. 

C<»mincr<‘inl orthc)|>lK»i)horio acid is prepare<l by digesting bone-wh with 
clilutctl sulphuric acW. sp. gr. 1-5. for several hours : C'a.tPO,), + aH.SU. - 
^ '’H VO. Tlw calcium sulplmte is fiUere<l off oml tho phospJioric 
an^eva .0 .... g-- ■ (*5 f- cent H.PO.,. Tl.e i. imp«~. 

ana c..n..in. aci.l c.loiua. ph.^pl.ate C»H.(PO.).. in.«phor.c ac.d la a^o 
.nade by a fumaco process <p. 50J), -ir being a.ImiHC. to 
boros vaiK.or to P.O.. nn.l fO to (X). ; u-ater is 


phorus vajwur 


gus aiul cruae 85 i*r eenl ,a»«ph,.ric ueid is sepsratcl by 


l»35-8). . 

Pure ortliophosphoric acid isobtained from j.hospliorus pentoxide and 
water, or by oxidising phosphorus with nitric acid ; 

P, 4- loHXO, + H.O - 4H5PO4 + 5X0 +5X0,. 

R ii with a boiling tube, tim.ogh winch cold water .s 
^ t ie reck to Urve »7a reflux condenser. Add 31 g- of red 
poXTol onctifth at a time. wa,mu« till red va,K.urs .pp«ir and cooling 
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i f th« reAction is too violont. When al I tlie phospixorus ia < iissnl ve<l (ncgloc t 
any black residue). mUI 20 ml. of <.-oiiccntrttcd niUic acid and boat in n 
porcelain dish to oxh 1 I«i phosjjlioroiis acid. When roaction ceases acvl a 
Httio of the dilute*! lujuiil gives no black precipitate with AgXOj (duo to 
HjPOj) odd an e<pml volume of water on<i Hller if necessary. Bvnporute 
ui 0 porcelain dish over a smell flamo till a thermometer in the liquki rises 
just to ISO*. Cool in a vacuum xlesiccntop over concent mtc*l Kul[iluiric oci<l, 
placing the desiccator in a freezing mixture of ice and salt in a sink. Do- 
liquesccn t cry sta Is o f orthophosph oric acid slowly < le[M»sit. I f tl lO tci npern- 
ture is carrie<l beyond 180 " in tl»e ova[K»ratlon some motaphosphoric acid is 
formed, and crystallisation will not occur. 

The rhombic crystals of orthophoaphoric acid melt at 38 * 6 ® or 42 * 3 * and 
are very soluble in water. Orlfiophosphoric acid U fri6<wic and forms 
three series of salts : 

primary, e.y. KHgPO^ ; secondary, e.y. Na,HPO| : teriiari/, e.y. NaaP 0 |. 

Orth- ph osphates are usual ly ca lied sim ply ’ * phosph a tes . ” Ortl i n ary 
sodium phosphate is the secondary salt. NajHPO,, 12 HjO : ordinary 
potassium phosphate is the primary salt KH|P0| ; tertiary sodium 
phosphate is Na,P04,l2H}0. Tlic alkali phosphates (except lithium 
phospliato LijPO^) arc soluble in water. The tertiary phosfxhAtcs of the 
remaining metals are insoluble in water but dissolve in dilute mineral 
acids : Ca^C PO4 ), + 0 HCl 3 CaCl j + 2 H, PO*. They arc rcprcc ipi t ated 
by adding ammonia : 

3 CaCl, +2H3PO4 ONH4OH -Caj(P04)i + CNH^a + CH* 0 . 
Aluminium phosphate AIPO4 and ferric phosphate Fc?04 are insoluble 
in acetic acid^ chromium phosphate Crl’04 is sparingly soluble, but the 
remaining phosphates are soluble. On adding ferric cldoride solution 
to a solution of a phosphate in acetic acid, the phosphoric acid is pre* 
cipitated as ferric phosphate and is so removed from the solution : 

CajiPO*), + OCHjCOOH - 3 Ca(CH,C 00 ), + 2H3P04 

2H5PO4 + 2 FeCl, + 3 Ca(CH,C 00 ), - 2FeP04 + aCaClj + CCHjCOOH. 
Excess of ferric chloride forms a red solution of ferric acetate 
Fe(CH,C00)9. boiling this is precipitated as basic ferric acetate, 
and the filtrate contains the other metals (except aluminium and 
chromium} which were precipitated as phosphates. These reactions are 
used in qualitative analy*8is for the separation of the phosphate radical 
£iom a solution. 

The alkali primary phosphates are acid to litmus, the secondary 
phosphates faintly alkaline (practically neutral}, and tho tertiary 
phosphates strongly alkaline : 

H4PO4' ^HPO/’ + H* 

HPO4 ' + H + OH' HjPO/ + OH' 

PO4 ' + H +OH' ^HPO;' + OH'. 
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On titration with alkali with litmus as indicator, phosphoric acid 
behaves as dibasic ; methyl orange changes colour at the stage 
NaHjPO^, and phenolphthalein at the stage NojHPOi (see Fig. 171) : 
the changes are sharp si 55‘. The dissociation constants of ortho* 
phosphoric acid at 25^ are : 

» [H KH,?04'I1H,P04] .7-5 X i0-» 
x»-[H1hpo4")/iHjP0;] -6*2x10-® 
iP 0 /"]/[HP 04 ") -M X 10-'» 

Solutions of or/^. phosphates with excess of nitric acid and ammonium 
molybdate solution slowly deposit in the cold a canary-yellow precipitate 
of ammoaiutt pboipboaoiybdatt (p. 893), readily soluble in ammonia. 

Pyro* and meta* phosphates do not give this reaction unless heated, or 
allowetl to atend for a hn^ time, when they are converted into ortliophos* 
phoric acid. Arsenic acid gives a similar procipitate but only on heating. 
The precipitation of orthophosphoric acid occurs much more rapidly at 
00*-65*. 


Magnesia miifure (a solution containing magnesium chloride, 
ammonium chloride and ammonia) gives with orthophosphates a white 
crystalline precipitate of BSgabusin ammoaius pboipbats MgNH4PO4.GHj0. 
Orthophosphates give a yellow precipitate of silver pbosphate AgjPO* 
with silver nitrate solution, but no precipitate with barium chloride, 
unless the solution is alkaline. 

Pyrophespboric acid is slowly formed (with a little mctapbosphoric 
acid) when orthophosphoric acid is heated at 213^ (rapidly above 240®) : 

2H5P04-H4P,0, + H,0. 


If ordinary sodium phosphate is heated above 240® it loses water and 
forms todian gr^toegteU (Clark, 1827) : 2Na,HP04-Na4pA + H*0. 

Lead nitrate solution and sodium pyrophosphate solution give a 
white prccipiUte of lesd pyrophcipbals Pb^PjO,, and aith liydrogon 
sulphide solution this gives a solution of p^Tophosphoric acid : 
PbP,0,*t*2H.,S-H4P,07‘K2PbS. Pure pyrophosphonc acid is best 
nrepared by gently heating a mixture of orthophosphoric acid crystals 
Ld phosphorus oxychloride : 5H,PO| -f POClj - SHiPjO, + * 

evanor^ating in a vacuum desiccator and cooling at - 10 for some time, 
whet, whit! granular crystals of H.PA. "> P‘- OP, separata (Giran, 

19021 A crystalline htxirate 2H.P,0,.3H.0 B described. 

PvTophosphatesgive a white precipitate of sUw pTropherptot. Ag. s 7 
withlilver n^itrate, but no precipitate with barium cl.lori.le except m 

alkaUnc solution. Hapwsiem p,mph<.^ta« U “"JgNHAH.O. 

"'iTJlXTf p^5Chc.ric aid is tept for som^ time, or is boiled, 



PYROPHOSPHOBIC ACID 583 

orthophosphoricacid is formed : H.P ,0, + H,0 =2H,P0„ but the salts 
ar« very stable in solution. 

Pyrophosphoric «ei<l is letrabosic uxd is stroncer tJmn oHhophosphor.c 
add ; f:,=[H-|lH.P.O,'lAH.P.O,J =1 -I ' I 0 -* 

A-,=[H|lH,P, 0 ,"JAH.r.O,') ='•' - 


ID- 


A',=IH )(HP.0,-1/IH.P»0,"J =2-1 • I" ’ 


K;«iH*)[P,0,"“J/lHIS0ri =2 '4 - 10 

Only two series of salts arc common, tbc normal salts M4P,0, 
and the diacid salts M^HsPA* Examples are Ka^PA.lOHjO ; 
NajHjPA: CatPA.^HjO; 

(soluble). The intermediate salU NaHjPA NsjHP A 

described. Complex ions conUining meUls (Ag, Zn, Pb, etc.) aw 
formed by dissolving the insoluble meUl pyrophosphates m alkali 
pyrophosphate soIuUoq. 

Metaphosphoric acid is formed as a sticky mass when ortlio* or p>To» 
phosphoric acid U healed at 3l0^ best in a gold crucible (Graham, 
1833): HjP 04-HP0, + H,0. or by healing ammonium phosphate: 
(NH4)tHP04 -HPO, + 2NH3 + H,0. By prolonged heating to redness 
some phosphorus jientoxitlc seems to be formed, as the hard glass 
obtained on cooling crackles w'hcn thrown into water (Berzelius). The 
water content of the residue depends on Uie duration of heating, and 
pjTOphosphorlc acid is formed as an intermediate product. At a white 
heat the acid volatilises and the vapour density corresponds with 
(HPOj)j (Tilden and Barnett, 1896). The freezing point of a solution 
of tlie glass in water shows that the acid is polymerised, (HPO,)^, 
whilst the acid in tlie solution prepared from lead metaphosphate and 
hydrogen sulphide has the simple formula HPO,. 

Holt and Myero <1911, 1913) by freezing-point measurements distin* 
guished four va riel lee of roetapl»oephoric acid : ( 1 ) HPO| from the load salt 
and H,S, (2) the " crackling " acid. (3) the brittle non- deliquescent glass pre- 
pared by 1^eating (2) to redness for twenty -four hours. (HPOt)t. and (4) the 
deliquescent glass obtained by heating the commercial acid for a short 
time, (KPOda- 


Pure metaphosphoric acid is best obtained (Geuther, 1S74) by the 
action of phosphorus oxychloride on crystalline ortho- or p^Tophos- 
phoric acid : SHjPO* + POd, -3HP0, -► 3HCI 

2H4PA + POda -5HP0, +3Ha 

Metaphosphoric acid (unlike the other phosphoric acids) at once 
coagulates albumin (white of egg) and ^ves a white precipitate with 
barium chloride in acid solution. SUver nitrate gives a white amorphous 
precipitate of siiver metsphesphsts AgP03 from a nearly neutralised 
solution. 
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Sodiam o«Upbo^bAt»» probftbly the hexdmeta phosphate (KaP 03 )ei is 
formed as a clear glass when acid sodium orthophosphate, acid sodium 
p^Tophosphate, or microcosm ic salt is heated to redness : 

NaH,P 04 » NaPOj + H,0 
NajHjPjO, - 2NaPO, + H,0 
NaNH^HPO^ »NaPO, NH, + H,0, 

The metaphosphatw ere more numerous than the simple formula HPO, 
for the acid would euggeet. Fleitmann and Henneberg ( 1 S48 ) regarded them 
as derived from polymerised motaphosphoric acids (HPO,)#, where I, 
2. 3. 4 and 6. By heating NaH,PO* at 315* Graham (1833] obtained a 
sparingly soluble metaphosphate. usually called MaddrtJVs saU (1847) and 
regarded as the soBomeUpbespbate NaPO,. On further heating tliis gives a 
soluble thmeuphosphste (NaPO,)„ and a soluble tetramsUpbospluie (NePO»)*. 
When fused and rapidly cooled the meuphosphate forms a clear gloss, 
m.pt. 840*, also obtained by heating microcoamic salt: this is called 
Qrahom'e $aU, is very soluble, end is the heiametapbospliste (NaPO,)«. From 
freeiing- point and conductivity measuremenU Tammann ( 1890) concluded 
that it is complex, Na,[NadPO,hl. It is used under the name calffon for 
softening water : the calcium is not precipitated but forms a complex ion 
which does not precipitate soap : 

Na,[NadPO,W + CaSOja Na,(Na,Ca(PO,)*) -f Na,SO,. 

When MaddreU‘s salt or the tetrametaphoephate is carefully hwted, a 
crystaUine salt melting above 800* called /Carrof's $aU is formed ; 

it^ supposed to be the octamcUphwpbiU (KaPO,),. Pe«al (1923-4), who 
prep.r^H^monom,Upl.o,pl..„ N.PO, by the e^.or, of wdn.rn etl.ox.de 
on the eeter (C.H.PO.).. regerded Meddrell e eolt ae the dmieupbospliete 

‘-J- * "•'’O*' 

pyro- and meuphosphawa together. 

Constitution of phospborie neids.-Frotn its metl.od of preparotion 
phosphorus oxychloride is given the formula 0=PCi, with a double 
bond between the phosphorus and oxygen : 

Cl. 

• Cl^P^O 


Civ /tlH^OH 
/ \a H-OH 


Cl. OH 
Cl/ OH 


Cl/ 


Since orthophosphoric acid ie formed by the action of -atcr^n p_has. 
phorufl oxychloride it probably contains the phosphoryl radical -P 0 , 

.OH 

+ 3HCI. 


yC1 H OH 
0=pfa H OH 
\ci H OH 


0=P:^OH 


\OH 


In non-ionic reactions all three hydroxyl groups of orthopl.Mpbor^ 
acL are substituted, as in the formation of the ester, tr.ethy t 

.r ,h. pl.o.ph„™ ..id. h.v. b„, 
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Ml) PHC^PHORUS TRIOXtDE 

sented 6S giving pliosphofus a covalency of four- Phosphorus, unlike 
nitrogen, may have a co valency of five (as in PF^, PClj, etc.), and th© 
bond distances show that the formulae with double bonds : 


/OH 

0=P^OH 

NOH 


O. 


.0 


HO^P-O-P^H 

ho/ \0H 


0— p/ 


^OH 


are nearer the truth than those giving the octet structure with co. 
ordinate links instead of double bonds. 


PerphMphoric acids.— Phosphates may crysUllise with hydrogen ^r- 
oxide : those with an acid reaction, such as primary phosphates (NaHtPOi, 
etc ), either do not react or form very onaUble compounds j ternary phos- 
phates, with an alkaline reaction (K,PO«, etc,) decompose hydrogen per- 
oxide { but t1^e secondary phosphates and pyrophosphates of alkali metals 
civs fairly stable crystaUms compounds, s.p. KjHPO,,? jH|0„ K^PjOi, 
aH,0„ CaHPO*.|HAr (NH,),H,P,0,.M,0,.2H,0. These are not tnie 
perphosphates- True perphosphates, which do not give reactions of hydro* 
gen peroxide, are obuined in solution by the electrolysis of secondary 
phosphates of potassium, rubidium, caesium and ammonium in presence 
of fluorides and chromates, but not from lithium or sodium aalu. They 
oxidise acidified manganous salt solutions to pink pontianganic acid, ami 
give a black precipitate with silver nitrate solution. These are salts of 
perdiphospbohe acid. H^PiO^, and paraMopbospberic acid, H|PO|. 

Solutions supposed to contain HjPOi and HtP«0« ara forrned by the action 
of 30 per cent hydrogen peroxide at low temperatures on phosplionis pen- 
toxide, and on a large excess of pyrophosphoric acid, respectively. 

Phosphorus trioxide. — The formation of a lower oxide of phosphorus 
by the slow oxidation of phosphorus in air or its combustion in a limited 
supply of air was noticed by Sage (1777), but pur© phosphorus trioxide 
was first isolated by Thorpe and Tutton (1890-91). White phosphorus 
is burnt in a stream of air in a tube, the PfO^ also formed is removed by 
filtration through glass wool, and the phosphorus trioxide vapour is 
condensed by cooling. 



FlO. 303.— Preparation of phosphorus ihoxide. 


Sticks of phosphorus in. long are placed in shard glass tube (Fig. 303) 
connected with the brass inner tube. 1 in. in diameter and 2 fl. long, of the 
Liebig's condenser containing water at SO*. A plug of gls^ wool in the 
brass tube at the end farthest from the phosphorus serves to filter out solid 
P|0», whilst the PiO^ vapour passing on m condensed in the U-tube 
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immersed ui ice- A mi)uJ stream of air ia aspirated through the apparatus 
by a water -pump coimecle<l with a sulphuric aci<l wash-bottle. and the 
phosphorus ignited. The trioxitle coiKieiised in the U*tube is melted by 
warming and nins down into the small bottle beneath. 

Ptire pliosphorus trioxide is a colourless crystalline (monoclinic) 
solid, m.pt, 23‘8^ b.pl. 173-1“ : when impure It is waxy. The vapour 
density and the depression of freezing point of benzene correspond with 
tlie formula 

The P,0, molecule (like the As,0, molecule, see p. 858) has the four 
phosphorus atoms at tlie comers of a teiraliedron, eaH» linke<l to three 
oxygen atoms along tlie tetrahedron eilges (Fig. 304). The P to 0 d^tance 
indicates a large amount of double bond character, also shown by the 



vn1«nfV ancle 125* for P-O-P. In P.0,. »u extra oxygen atom >• added 
each ph«phor.» atom, completing tl,e PO. tetral.edra, tl.«e .u>el.a«d 
oxvgen atom being very cte«> to ll« pleMpbor... atom*. In 
mol^le. which l»a a aimiler almct.ire. lt«> P to h <i«tat.oe .a short. 

Vnle» ouitc pure, phosphorus trinxidc slowly turns red in light 
owing to the conversion of while phosphorus contained as an iini.ur.ty 
Zo rod pho-sphorus. and it may be purified by ropeatctl exposura Xo 
light and sublimation ; wimn quite pure it <1ch-s not glow in air (C. C. 
1929) It has a pungent acid smell and is very |K.ison(.iis. I 
I ^ air or oxygen to the pentoxide. inflames at 70° in air and at 

««1n ox geTanti s^nt.neously inehlorine. forming POCl.aml another 
50 inox)g«n»** , u i iieaMeiApnPl It dissolves slowly 

product, perhaps metaplios|>Horyl PO - with 

liil^fwalio:. !leeom,x.i.ion in ether, carbon disulphide, benseno 
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and chloroform. With ammonia it probably forms the diamidc of 

pho-sphorus triojride licated in a sealed 
tube is stable up to 200' ; at 2I0» it becomes turbid, and at 44 1 a 
sublimate of pl.osi>horus tetroxidc. discovered by 
[1880), and a residue of red phosphorus are formed ; -1 ,U,-ot ,o. + 
ep Tlie tetroxide subUmes in vacuum at 180'. The vapour density 
at 1400' corresponds with P,0,.. If [.hosphorus is burnt in a limited 
supply of air in a tube a buff-colouretl powder dei|C«its on the cooler 

part whichisami.vtureofr«lphosphorus,PiOj‘"*^PjO,. Onheating 

in a sealed tube at 290' this gives a crystalline sublimate of phosphorus 
tetroxide: PA*PA-2P.O,. With water, P.O. gives a mixture of 

phosphorous and phosphoric acids : 

P,04*3H,O.H,POj + H,PO4 

Phosphorous acid is formed wljcn phosphorus trioxide is dissolved in 
coW water, but is most conveniently prepared by tlie action 
phosphorus tricUlorulc (Davy, 1812) : K\i + 3H,0 » HjPOj + 3HCI. 

To minimise liie ria© in tem|»erBliir© the trichloride tney be ftihloil to con- 
centreted UydroeUloric aci<l. when hydrogen chloride gas is evolved nn<l the 
hootoftolulion of tliis does not appear. The solution is evaporated untd the 
temperoture rises to 180'. when hydrogen chloride is driven off, and the 
phoephorous acid is crysulliseil by cooling- The crysUlline acid is also 
obtained by heating phosphorus trichloride with oxalic acid cr>*stal8 until 
frothing cease®, and cooling (HurUig and Ceuther, 1859) : PCI, 31COOH), 
s H,P0, + SCO + 3CO, 3Ha. 

Phosphorous acid forms white deliquescent crj-stals. m.pt. 73*0^, de- 
comjK>sing at 200* into phosphine and phosphoric acid: 4HjPOj- 
PHj + 3 H,P 04 ; in air the phosphine burns with bright flashes, 
Pliospliorous acid is a fairly strong reducing agent, precipitating 
some metals, sucit as gold and silver, from solutions of their salts, and 
reducing mercuric to mercurous chloride : 

2AgNO, + H,PO, + H,0 .2Ag 2HNO, H»P04 
2HgClj + H,PO, + H,0 - Hg,Cl, + 2HCI -k H,P04. 

Silver nitrate with a phosphite gives first a white precipitate of silver 
phosphite, AgjHPO,, which soon turns black from formation of silver : 

AgjHPO, -► H,0 - 2Ag + HaP04. 

Phosphorous acid precipitates sulphur ^m sulphurous acid (some 
peniath ionic acid, HjStOe. is also formed) : 

SO, -► 2H,PO, *2H,P04 +S. 

It is slowly oxidised by iodine and by permanganate in solution. 
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Phosphorous acid is dibasic (Wurtz, IS45) ; although normal esters 
P(0B)5 are known the ordinary salts arc MjHPOj, where M is a uni- 
Talent metal. The dibasic character is explained by the formulation : 

H-O. .0 

}K 

H— CK 


the reducing properties being due to the hydrogen atom directly 
attached to tlie phosphorus. The acid is rather weak. The two series 
of phosphites known are JIH,PO, and MjHPOj. When boiled with 
alkalis they do hoI evolve hydrogen (cf. hjTwphosphiles), but they 
evolve phosphine wdtlj zinc and dilute hydrochloric acid. Ordinary 
sodium phosphite IsNajHPOa.oHjO, the calcium salt is 2CaHPOj.3HtO. 

Phosphorous acid reacts with phospliortis pentachloride in the normal 
manner : H^POa + SPCI* - PCI, + 3P0CI, + 3HCI. 

pjropbesfhorcus acid b forme<l in needles, m.pt. 36*.by slioking PCI| 

with HjPOa for hve hours at 30 MO*. and leaving in a desiccator over KOH 
arul VtOi- Mcttpbwpborous acid HPO, » formed in feathery crystals by 
the oxi<lation of phosphine by oxygen under 25 mm- pressure ! PH, + 0, * 
HP0, + H,. 



Hypophosphoric acid.— If sticks of phosphorus in pi aw tubes open at 
•oth ends arc s»p|)ortcd in a glass funnel over water under a bell-jar 

(Fig. 305), oxidation occurs and 
fumes sink and dissolve in t))c 
water. Dulong (1816) noticed 
that the acid made in this w'ay, 
callwl Pelletier a phosphorous 
acid” (1790), differs from ordi- 
nary phosphorous acid, and lie 
calletl it “phosphatic acid." 
Salzer (1877) found that if the 
liquid is partly neutralised witli 
soda, sparingly soluble crystals of 
Na,H,P,Oe.OH,0 slowly sepa- 
rate If lead nitrate is added 

;:hc .d.i is oMamed. «hich 

rer sulphuric acid gives crysUU of m.pt. , 

sc water, forming m.pt. i0\ 


Fio. 305.— PiTp«ration of hj-pophos- 
plioric acid. 


yxxi) HYPOPHOSPHOROUS ACID C8& 

solution »s filter I And cooled, whwx silver hyiwpliosplioto Atf*P,0, 
separates. TliU is decompose.! by hydr»»li!oric aci.l to form hypo- 

phosplioric acid. , i« 

HvTiophoephatcs are formc<l by I bo action of blcaclunp pow<lor or so.luim 

hypochlorite solutions on red phoephoriis (.'t|)elcr, 1027 ; Prol>8t. 
and Iho acid by oxidising pliosphort)us acid w Uli iodine (KoUtovskn, 193.)- 

Hypophosphoric acid decomposes on beating: H,P50* = H3PO5 + 
HP63, and at 180® pUosplnnc is evolved. It differs from jjliosjdiorous 
acid in having no rcdticing action on metallic salts and in not l)oing 
reduewi by nascent hydrogen. Tlie thorium salt is sparingly soluble. 
The acid is oxidised by hot permanganate, but only sluu ly by cold. 

The doubled formula of the acid U confirmed by the existence 

of an acid sodium salt NajHPsO^.OH.O. and the molecular uTigbt of the 
ester (C,Hj)4P30, in solution (Arbusov and Arbusov, 1931). The 
Bttuctural formula is probably : 

O^P— P=0 


HO 




\ 


OH 


Hypophospborous acid. — The resitluc from the preparation of phoS' 
phine by heating white |>hos])horus with alkali hydroxide solution 
(p. 571) contains a salt of hypopbosphorous acid (Dulong, 1816). A 
solution of barium hypophosphito ismade by beating white phosphorus 
with baryta water r 

2P, + 3Ba{0H I, + CH,0 « 2PH3 + 3Ba(H jPO.)*. 

It is filtered from barium phospliate also formed an<i the excess of 
bar)'ta is removed by precipitation as barium carbonate by a current 
of carbon dioxide. Tlie bsnao bypopbo^biie is rccrystalliscd as 
BalHiPOslj.HjO. A solution of barium hy|)opUosphitc is precipitated 
with the calculated aniount of dilute sulphuric acid : 

BalHjPOjla + H^SO* »BaSO* + 2H,POt. 
and the filtered solution of the acid carefully evaporated below 130® to 
a syrup, and cooled in a freezing mixture, when it crystallises. A 10 per 
cent solution of the acid is made commetciAlly. 

Hypophospborous acid forms colourless cr^'Stals, m.pt. 20'5®, decom- 
posing at 130®. becoming yellow and evolving phosphine : 3H3pO| = 
2H3PO3 PH3. The salts also evolve phosphine on heating. 

Hypophospborous acid and bj'pophosphites are powerful reducing 
agents, precipitating many metals, €.g. silver, from solutions of tlieir 
salts. Copper salts give on warming a brou-n precipitate of cuprotis 
hydride: 

H3PO, + 2H3O 4AgN03 » 4Ag + HjPO, + 4HNO, 

3H3PO1 + 3H,0 + 2CUSO4 - 2CuH + 3HgPO, + 2H3SO*. 
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Hypophosphorous acid and its salts oiay be titrated with acid 
permanganate : 

H,P0,*20 = H,P0.. 

H\-i>ophosphorou3 acid is «ro»<*ns.>, forming crystalUne wlU su^ as 
sodium hypophospUile NaH.P0.,H,0, and .ilcium bypopUcspbiW Ca(H,POs}j. 
iTcmrcd bv licating ul.itc ,.hosp1.oriis «ilh sodium hydroxide solution 
or milk of lime, respectively, and used medicinally as tonics. Most 
hypopliosphiles arc soluble in water (Tli and Bi salts are insoluble). 
The acid inav be formulated : 

/OH 

0=PfH 

tlio rediicing properties being due to the two hydrogen 

attached to phosphorus, and llic aculic properties to tlie single OH 

'“pbosphenis sulphides.-Whitc phosphorus and sulphur react with 
explosive violence when fusctl together, but when a mixture of red 
phosphorus and small pieces of roll sulphur is heated m a loosely-corked 
£sk^ reaction commences and |.rocccds without f“rt 
According to the proportions taken the phosphorus sulphides P.S,, 
p r and^p s. are obtained. A sulphide P.S. has also been 

gSg vapour density; it is slowly 

SXd S -Id -t: ^ P.S. . 8H,0 . 2H,P0. . 5H.S It can be 

carbon d ox de to hWe or distillation m vacuum. 

.A TI T)Crt 

V • — Soclium wlU of moaottuopbosphcnc acid H.lhOg. 

Thiophosphotic acids. Irthiuphosphofie .cid H.PS.O, ore forme 
ditbiophospaonc Kid I uc-lium liylroxUlo solution and 

by adding i** ^rZU- .he .rilhiophosphnto. at 50” tlm dubio- 

preiipi««t"‘6 V, q and at 90’ tim monotliiophosphate Na.PSO,. 

phosphate . ,„ri„,n and strontium i 

12H,0, are formeil. sal„, resixiclivcly. Magnesium 

and calcium. „«fingly soluble in Jiluto ammonia, 

anunonium r^^ilour «^th maitganeso and cobalt sails 

"tltSihlrAlmte U in.on«..y blue and tho nickel aalt . n. 

green. 
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ThjophwphoryUhloridt PSCI, (Semllaa. 1829) »» colourlew fuming liquid, 
b.pt. 125®, formed by the reaction + 3PCl,»5PSCIa. It is hydrolysed 

’ PSCl, + 4H,0aH,P04 + H,S + 3HC!. 

Thiophospboryl fluoride PSF, (Thorpe and Rodger, 1888) to a colourlew 
eponUneously inflammable gas. b.pt. -62-6*. formed by the reaction 

P^, + 3PbF,*2PSFj + 3PbS. . i 

Compounds of phosphorus and nitrogen.— Phosphorus pentachloride 
reacts with dry ammonia gas forming a white solid mixture of substances 
conUining PC1,(NH,), (Cerhardt. 1846), which to converted by water into 
phMphamide PO(NH)NH„ a white insoluble powder. On heating the 
duet of the action of ammonia on PCI* in absence of air, phospham (PN,H), 
remains as a white powder : 

PCI, + 4NH* * PHN, + 2NH*Cl + 3HC1. 


Phospham to only slowly oxidised on heating to rednsM in air, but to de- 
comptied with incandescence by fused alkali, ammonia and a phosphate 
being formed. On heating in absence of air phosphamide gives a white 
powder of pheiphoiyl nitride : PO(NH)NH| » PON + NH,, 

Ammonium chloride and phoaphonis pentachloride at l75*-200® form a 
mixture of six pbosphMutriie chleiito : (PNCI,),. (PNCI,!*, (PNCI,),, (PNCl*),, 
(PNOihand (PNCI,),. which are very sUble. The main product to (PNCI,),, 
m.pl. 114*, b.pt. 256*. Ether solutions of these compounds when shaken 
with water form metaphcsphisdc acids, (HO(NH : PO)),i, stable salts of which, 
e.g. (NH*),H,P,N,0*,H,0, are known. .... 

X*ray examination sliows that (PNCI,), and (PNCI,),. winch form 
lustrous colourless crystals from bensane solutions, have ring structures. 
(PNCI,), forms an 8-membered *lg-*ag ring (like a.sulphur, p. 451), con. 
taining alternate nitrogen and phosphorus atoms with Cl, attached to P 
and with resonance among single and double bonds (I). The polymer 


(a,)P— N 


N 

I 

ia,)P 


P(C0 


N 


% ^ 

N— P(aj 


Cl Cl 

Xp/^Xp/'^Xp/ 
Cl a a 

n 


(PNCl|)« is a eolourleas elastic rubber dike mass, probably {like plastic 
sulphur, p. 458) containing long chains of alternate phosphorus and 
nitrogen atoms, sad) linked to a chlorine atom (11). 

Three phosphorus oitzidss are deecribed. The compound P,N* to formed 
by heating PfS, at 280* in ammonia and then in a current of hydrogen ot a 
bright*red heat. Wlien phospham to heated in vacuum above 400° it yields 
pure P,N* by t4te reaction : 3PNaH =P,N* + NH,. P*N, is a white amor* 
pilous powder, decomposing into its elements at high temperature in vacuum. 
It is scarcely affected by boiling water but to oomplstely decomposed into 
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ammonia and phosphoric acid by wMcr at 190’. It inflames when heated 
in oxygen or <hlormc and is decompose<l by many metals. PaNi is docom* 
posed by boiling concentrated sulphuric acid : 

2P,N* eSHjSO, +24H,0 =GH,P04 + 5(>JH*)^S04. 

In vacuum at 730’ it fonns PX. wliich sublimes. PX exists in two forms, a 
red and a yellow. When tlH^ product of tlte reaction of liquid ammonia and 
PCI, is heated in vacuum at 550'. P*X,. a white irwoluble non-volatile 
spontaneously inflammable substance, is fljrmed : at 750* in vacuum this 
gives a sublimate of PX (Mourcu. cf al.. 1934-36). 

Structures of phospbonis.— Tlie white pliosphorus molecule, P<, is 
tetrahedral <aa in Fig. 304 without tl>e oxygen atoms) with the P— P 
distance 2 21 A. and the bond angle 00% which is unusually small, so that 
the structure is not stable and tends to pass into retl phosphorus. In black 
phoaphorus-IV (metallic pliosphorus) the atoras aro arranged in zig-zag 
strings with the P— P distance 2-28 A., one valency linking to an atom in a 
lower string, the bond angles being about 100' : 


Xp/Np/Np/Np/ 

fill 

p p p P 

/ X / '''p^ ^ 
I I I 

Xp/Np/Np/^/ 


lower 

upper 


lower 


The structures of metallic arsenic, antimony, and bismuth aro of a similar 
lypc, with non-planar hexagonal rings, but the arrangement of the atomic 
distances is somewhat different. 



CHAPTER XXXII 
CARBON AND HYDROCARBONS 

Carbon and its compounds.— Carbon occtirs in Nature both fr« and 
in combination. Tlic element occur* in the cryslallmo forms of d(amom# 
and graphitt {aUo called ^umbago and U/Kk-ifnd), and amorphous 
anthracite coai Free carbon (as diamond and graphite) also occurs in 
some meteorites, and the spectro- 
scope shous tliat carbon pre- 
sent in the sun and sonic stars. 

Mixtures of hydrocarl)ons com- 
pose mineral oil or ^>cfro/eNin. Coal 

contains complex bj'drocafbwis. 
but oxygen and nitrogen arc also 
present. Carbon dioxide CO, 
occurs unconibincd in the atmo- 
sphere and combined as carbon- 
ates, csi>ceia 11 v calcium carbonate 
CaCO» {ehaik, Umejftane, and 



Fio. SOU.— Tl>o Hcikiiig of carbon atoim 
in diamond. 


rbU), magnesium carbonate MgCO, {tnagnesiU), and a comp 
> two CoCOj, MgCO, (do^owi^e) of which wliolc raountain*ch 


compound of 
ains are 


l/IOJ 

the 

constituted. , . . i i 

Plants and animals contain organic compounds of carbon with liyaro- 
gen and oxygen, and sometimes nitrogen, sulpliur, and phosphorus. 

The great number of those compounds 
(many of whicli have been prepared by 
syntliesU from the elemenU] makes it 
necessary to study tlicm in a special 
branch of the science called Organic 
Chemist ly. 

Carbon forms such a largo number of 
com^iounds owing to t)ie ease with which 
its atoms, unlike iliose of most other 
elements, combine to form chains 
{aiipkatie compounde), or rings (cychc 
ccMpounde). 

By means of X-rays the arrangement 
of the carbon atoms in diamond and 
graphite has been found : the lattices 
are described on pp. 301 >2, and are shown 
(the diamond lattice redrawn) in Figs. 306 and 307. It wiQ be seen 
that eacii atom is linked to four others. 

In diamond the bonds are all tlic same length (1-5 A.) and arranged 
tetrah^rally (>.e. the bonds from each atom point to the comers of a 
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regular tetrahcUron with this atom at the centre). In graphite the 
arrangement is quite different : the carbon atoms are arranged in 
regular hexagons in Hat parallel sheets, each atom being linked by 
strong bonds to three others at distances of 14 A. 


Tlie sheets are 3 4 A. apart uthI the fourth valency distance is so long that 
it may not be a real bond, but nmy be taken up iii resonance between single 
4in«l double bonds in t]^c plones. 

The strong b<>n<U In diamond are supj*osed to account for its great hard* 
ness ; the i>lime9 in graphite crystals readily slip» so that graphite easily 
flukes into thin hlms. 

AUotropic formsof carbon.— Carbon is a striking ex ample of allotropy. 
Most organic compounds when heated without access of air blacken or 
char evolve steam and various volatile organic com pou rids and usually 
intiammable gases («./?. methane CH^), leaving finally a black residue of 
cAnreofl/, which consists almost solely of carbon. The snjoke produced 
on burning oils with a limited supply of air also eonsisU mainly of 
particles of carbon. That charcoal should be chemically the same 
a^ diamond would api>car improbable ; iU analogy with graphite or 
blark.lead would seem clearer, yet It is curious that the composition 
of diamond was discovered (1772) before that of graphite (1800). The 
identity of the three forms of carbon was proved by showing that 
equal weights of the pure substances, when burnt in oxygen yield 
identical wciglits of carbon dioxide, The amounts of heat liberated are 
different t for 12*01 gm. of carbon they are: gfapljjlf 
diamond 94*43 k. cal.» charcoal about 0C'?2 k. cal- These differences 
are supposed to be due to different modes of linkage of the carbon 
atoms! Since it has been shown by X-rays that aU forms of charcoal 
(previously called “ amorphous ”) consist of very mmute crj^stals of 
^aphite. iktre are really only two true allolropic forms of carbon, dtamoml 

^^Dia^OTd!— Diamonds arc found in India, Bratil, British Guiana* 
New South Wales, and particularly in Soutli ^nca. Most diamonds 
arc small but the Cullinan diamond. * 

welched about I J lb., or 3032 carats (I coral - U* >0o4 gro. I lie Inter 
natfoiial carat •0*200 gm.). This is the largest yet discovered and was 
cut into two brilliants of 510*5 and 309 carats. The South African mines 
supply over 9G |H*r cent of the dUmonds of the world. 

Large colourI«s <liamonds are the Plu <liamond (130*25 carnt^). an<i the 
Koh-i-noor, originally 186 carats but re<luce*l lo 106 by recuUing. I 
Hone diomond ^44'5 carats, is a fine blue stone. The cause of llie colour of 
i ftmonds is not clear : exposure to cothode ra)-s may deepen the colour, 
thich is lost on heating to^0'-400% except in the case of yellow, wh.ch 

is very stable. 

Blaclc or dark-colourcd (green, bro«T., red ^rcy) diamonds, kr.o»^ 
f/uSforc^Ui^Tnd^ TheUtterarepressod 
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Against a revolving nivtal disc, covered witli diamond ]>o\v'dcr an<l oil. 
Only about 42 per cent of the original weiglit remains al^er cutting. 


Ooart may mean any i m pu re dianti >n( I or oven fni^ncnf s of gem « I i am< m> Is. 
Carbonado is usually understood (o mean a miiK.<ivo form, granular uiid 
without cleavage, or an imj^urc aggregate of small cry.^tals. According to 
Koth (102$) tlie heats of eomlnistion of ctiIourle:«a diumund and carbonwh 
are 7*873 k. cal. and 7*S84 k. cal. per gm. res|>ec lively. 


Diamond crystallises In the regular (or cubic) system ; forms related 
to the cube or octaliedron, sometimes with curvial faces, predominate 
(Fig. 308). Tlte curved faces have been 
formed by growth and not by the action 
of A solvent (Tolansky and Wileock, 1047). 

By cutting, the natural crystalline form is 
removed and an artificial shajie, wldeli gives 
rise to a large amount of internal reflexion, 
is substitute. The brilliant'* consists of 
one larger flat face, forming the base of a 
many-sided pyramid. 

Diamond is extremely hard, but fairly 
brittle : it is scratched by no other sub- r* ^ ^ . » 

stince (except possibly bo^.i cerbiUc. B.C) 30e-D.»n.ond cry.i.l, 
and stands highest in the i/oAa scale of hardness, which comprises the 
following minerals : 

1. Talc. 3. Calcito. 

2. Gypsum. 4. Fluorite. 



5. Apatite. 7. Quariz. 

6. Orihoclosc. 8. Topaz. 


0. Corundum. 
10. Diamond. 


Each mineral in the scale b scraiche<l by oil those boluw it. In realit)'. 
diamond is about )40 limes border tiuin coriuulum. 


Diamond hos a density of 3*510, a high refractive index (2*417 for the 
Ddine), ond a high dls|)orsive power, giving a piny of colours In white 
light. It is trftnsj>nrent to X -rat's, whilst aI) imitations are opaque, 
Diamond is coloured green by «-rays from radium- Many diamonds 
pliosphorcsce in cathode rays or ultra-violet light. Diamonds are used 
for cutting glass ; for this purpose a chisel-shaped crj'stal edge is 
nc^ssary, since a splinter merely semtehes glass wifhotit cutting it. 

Diamond resists neorly all chemical reagents ; a mixture of polAsslum 
diehromate and sulphuric acid oxidises it slowly ot 200* to carbon 
d loxidc . Diamond is attacked by fu?«cd sodi u m ca rbonatc. Lc beau and 
Ficon (1924) found that diamond is stable in a vacuum to 1500* but 
at 1800 (more rapidly at 2000*) it is transformed into graphite. If 
heated at 000 in air or 700* in oxygen, diamond bums, clear diamond 
leaving only a trace of ash (0'05-0-2 \Kr cent, chicHv silica and oxide 
01 von) while boarfc may leave as much as 4*.> ix r cent of ash. The 
igiution temperature of boart is higher than that ,\ l.-ir diamond. 


The combustibility of diamond wos fureslKuiuwetl by Newton, who 
the similarity of its refractive uidex to those of oU of turpentine, 
camphor and amber, suggested that it miglit be “ an unctuous [oUy] sub- 
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stance congiilnteti." TIk) Morentine AcHciemicinns in 1094 heate<l a di»* 
niuncl in tJio foriis ut n (to^vcrfiii l>nmiiig>);lHss : it ^)owe<l like a reddiot coal 
nmi <li.Mip|>eared. D'Arcel (J704>} fomu) iliut a diamond strongly heated in 
a closeii cTucI hir rcjno i noil i ind ini lyiH I . M ac^pier 11771} found that a di amond 

siit>ngiy he«i(e<l in air hums with a small 
Jfitiiie, anil MoUsan (1890) said diamond 
bums in oxygon with ’*Avor,v distinct flame.'* 
Allen nnd Pop>*s (I8U7} burnt diamond in 
oxygen and showed that it forma the same 
weight of carlxm dioxi<le as charcoal. IDavy 
lJ8l4}. using the original f'lurentine lens, 
burnt a diamond iji oxygen. It took fire 
nnd ctiiitinue<l to bum, eveji if removed 
from the fiK’ua, tvith a stead}* brilliant light. 
Nothing waa proilucad but carbon dioxide, 
wdiich rendered I i me* water m i I ky . Smithson 
Tennant (1797) burnt diamonds by strongly 
}>eAting tliem in a goUl tube with fused 
nitre (lirst iiscii for this purpose by Guyton 
de Morx'oati, 1 7M5) : he found that as much 
carbon diuxttle was formed as Lavoisier 
(1772) had obtained from an equal weight 
of charcoal. 

Fio- 309.— “Combustion of a combustion of a diamomt in oxygen 

di.mnn.l in oxygfti. oxliil.iie.1 by heatinR » nr 

cnrhou<vh by an electric exirrcnt in a spiral of line platinum wire suppofteil 
by copper leads insiile a jar of oxygen (Fig. 309). A little htne* water is 
slmken up with the gas afterwards. 


After many unsuccessful attempts, artificinl diamonds w'cre made by 
Mojssan in 1H1J3. He heatetl charcoal at a very high lemperalur© witli 
iron in a carbon crucible in an electric furnace, in which an electric arc 
is struck between carbon rods insiile blocks of lime (Fig. 310). Fused 
iron dissolves carbon ; on cooling 
slowly most of the carbon de|K)«ts 
as scales of graphite, which are 
seen in a broken piece of grey 
cast-iron. On rapid coobng under 
ordinary conditions, the carbon n- 
mains in solid solution and while 
cast-iron is produced- Moissan 
cooled the iron containing carlnin 
suddenly from 3500^ by plunging 
the crucible into water. On dw- 

ac!d'"a^resIdurwM varieties of carbon ; (1) a smaU 

<if ffranhitc (2) curioua brown twisted llireads, apparently 
fom d unde?»£t l-leisore, and (3) a portion denser than 3-4 wh.eh 
eonTain^ verfln.all diamonds, some black and some transparent, 
which w^re isolated by careful purification and analysed by combustion. 
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Moissan at first thought that the important condition was the enormous 
pressure developed by the solid iheat ion of the molten cast* iron inside 
the rigid outer skin, l>ut he aflc^rwartls thought rapid cooling was the 
essentia] condition. Moissaji s ex|)criment was successfully repeated 
by Ruff (1017), who proved tixat the crystals were diamonds by several 
tests. The largest artificial dianiond obtained tneasured 0*7 mm. 


The presence of oxide of iron in diamond ‘bearing earth auggeats that a 
proceas similar to that usetl by MoUsan ntay lutve been respoitsible for the 
origin of tite natural diamonds. Small clear diamonds have boon found in 
meteorites, and diamonds may be of celestial origin : (he iron may, how* 
over, have come from the interior of (he earth. 


Graphite. — Before 1770 molybdenum sulphide (Mc^s) and graphite 
(C) wero confused under the name or black 'ifad, since both 

are soft grey minerals with a metallic lustre, giving a streak on paper 
like that produced by lead. Scheele in that year found that the first 
mineral gave a peculiar solid acid (molybdic acid. hloO^) when roasted 
in the air, evolving sulphur dioxide. The name molybticna was re* 
served for this mineral, whilst the other was ca)le<l grapfiite (Greek 
uTite : the name is due to Werner), plumbago, or black 'lead. 
It was thought to be a carbide of Iron, since it usually left a residue of 
oxide of iron wlieii burnt, carbon dioxide being formed. Scheele 
noticed that graphite deposits front molten iron in blast furnaces : this 
va riety is called kish . Ini W‘2 Clement and Desorm es burn t graph ite i n 
oxygen and found that it gave as much carbon dioxide as an e^ual weight 
of pure charcoal. Very pure graphite was prepared by Brodie in IS55. 

Graphite is foumi in Borrowdale in CuntbeHand (the mines are worked 
out), Siberia, Bohemm, Bavaria, and Ceylon, and (hero is some in Canada, 
Califonua, an<l New York State. Ceylon graphite is purest, but Siberian 
and Bohemioji varieties are most used for making pencils. 

Artificial graphite is made by the Acheson process (ISJIO) at Niagara, 
A mixture of sand and 
powdered anthracite or 
coke (petroleum coke is 
best) is heated very 
strongly for twenty-four 
to thirty hours by an 
electric current. Carbon 
rods lead the current 
through the mass, which is supported on a brick furnace and covered 
with sand (Fig. 311). 






Fio. 31 1,— Production of graphite in the electric 
fumacs. 


Artificial graphite is vwy pur© and soft, and free from grit, but is more 
exp wive than natural graphite. It is usod for electrodes, brushes, carbons 
for dry batteries, and as a lubricant, but not for pencils. With water con- 
temmg tannin it forms a colloidal suspension used as a lubricant called 
defiocculatcd graphite or - aq^xadag - • when kneaded with oil, the water is 
^ueezrt out and the suspension of graphite in oU is called *• oildaff •’ 
i —deflocculaled Acheson graphite). 
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Graphite crystallised in grey shining; pbtes belonging to the hexa* 
gonal or trigonal crystal system, but is usually found in masses of 
easily separated thin sheets, which w hen rubbed flake otT in thin layers ; 
hence it lias a greasy feel, makes a streak on pa]>er, and acts as a 
lubricant. It is also used (as blaekdead *') in polislang iron work and 
granular gunpowder. Pure graphite has a density of 2*25. Graphite 
is a good conductor of heat anil cleelricity. hence it is used in the 
cores of arc -carbons, as anodes for electrolytic cells and for covering 
plaster moulds on which coiipcr is deposited by electro-deposition. 

Graphite burns only at a high tem|>eraturc (about 690^ in air), and 
is use<l for making plumbago crucibles : these consist of 75 parts of 
plastic clay, 25 of sand, and 100 of graphite, moulded and baked. A 
graniilar mixture of graphite, silicon carbide, and clay is used as a re- 
sistance (kryplci) in electric funtaccs. Mixcil with a little plastic clay 
and s<piirted into threads, graphite is used to make black-lead pencils. 
Conrad Gesner in 1505 described a lead pencil made witli 
Anglicum, i,t. Borrow'd ale graphite. 

Grapfute is not attacked by dilute acids or fused alkalis, or when 
heated in chlorine. A mixture of potassium dichromatc and sulphuric 
acid slowdy oxidises it to carbon dioxide. It burns brilliantly in fused 
nitre at a high temperature. Graphite is not attacked by fused sodium 
sulphate, which dissolves coke and retort carbon, but gives carbon 
monoxide with fused sodium carbonate. When finely granulated, 
moistened w'ith fuming nitric acid, and fieatcd, some varieties (Siberian 
and Austrian) do not swell, whilst others (Oylon and Anjcrican) do. 
This is Luzrs/wt (1891). 

Graphitic oxide.— Charcoal slowly dissolves in hot dilute nitric acid 
forming a brown substance callc<l " artificial tannin “ by Hatchett 
(1805). Alkaline permanganole oxidises charcoal to oxalic acid and 
mellitic acid. CjiCOOH),, a derivative of benzene, the aluminium salt 
of which U the mineral mcllitite or honey-stone. Graphite is oxidised 
by a mixture of nitric acid. i)otassium clilorale and conccjitratcd sul- 
ohuric acid to a peculiar, almost insoluble, solid called grajMic acid 
(Brodic 1859) or ffraphilic oxide (Bcrtlielot, 1809). The formation of 
craphilic acid has been regarded as a test for graphite, but small amounts 
have been obtained from some kinds of so-callc-d “ amorphous 
carbon. 

One cm- of pure powdcre<l Ceylon gmi>bite is added to a coolwl mixliiro 
of 40 ml. of cone. H,SO, an<l 20 ml. of fiO i>cr cent HNO,. To 
aro addixl, in small poHions over a pcruKl of It hours. 20 gju. of KCI^. 
with shakine Tlte mixture b allowcnl to stami 16 lioure and then pou^ 
into 1 litre of dbtillcd water. The grnpiutic arid U washe<l by dccontalion 
till free from aeid. filtered (it b diflicult to filter^ wi<l <lriea a desiccator 
over P,0». when it forms a mass like varnisli (U- Hofmann. 1928 . 

Accordinc to Brodie and BcHhclol. pure gm|diUic qckI is bright >eIlow 
wit merudeBrenish pro-luct i*p..riiicl by .r.a.n,cr.t w..l, »c..b- 
Ced permuiganste. It is brown wi.ri. dry. 

Graphitic oxide is very sparingly soluble in pure "“'ff 
moUt?iHnus paper; it is amorpl.ous in appearance, but the \-raj 
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show that it is crystalline, According to BrtKlic its formula is 
On beating it decomposes violently at 200^ and leaves a fine black 
•powder of pyrographitic oxide, C„H,0< (?). When lieatcd with liy- 
driodic acid in a sealed tube, graphitic oxide takes tip hydrogen, forming 
ht^rographitle ocirf, which does not jield pyrogniphi tic oxide on heating. 
Graphitic oxi<le appears to contain a graphite lattice with oxygen atoms 
attached to carbon. The ratio C : 0 may be as high as 4 :! but is 
usually about 2:1. The exact structure is unknown. 

A mixture of potassium chlorate and concentrate) 1 sulphuric acid con- 
verts graphite into a purple substance conUining liydrogon. oxygen and 
sulphuric acid, callol grafJioti tuiphaU by Mnvhe. On heating, this swells 
up, evolves gas, and falls to a line powxler of pure gmpfiile (density 2 2r>). 
If this is thrown on water, the impurities sink an<l the pure gra[i1iite 
remains finating on tite surface. 

Other coloure<l graphitesalts with nitric, perchloric, and pyrophosphoric 
acUls hax*e been described (Hofmann. 193S): the acUl ra<licals (HbO/. NOj'. 

seem to be contained in the spacinga between the sheets of carbon 
atoms in the graphite lattice. 

Charcoals.— Tiie folio wing varieties of " amorphous carbon are 
usually described ; as statM above, they all consist of very minute 
crystals of graphite in irregular orientation. They arc all black and 
opaque, the density and liardnc.^is depending largely on (he temperature 
at which they were formed, 

1. Cbsreoal, from wood, sugar, etc. 2. LsoDptlscIi, soot, acetylene 
black. 3. AoimsI cbucesl, bc^* charcoal, ivory black. 4. Coke (also 
anthracite, etc.). 5. Oas earbos, C. ElMtrode esrVoa, arc carbons, etc. 

The black residue rich in carbon, obtained b)' locating vegetable sub* 
stances such as wood or sugar w ith exclusion of air. is known as charcoal. 
The purest variety is obtained by heating rccrystallised cane* sugar in a 
Urge covered crucible until gas ceases to be' evolved ; the resulting 
charcoal is heated at 1000* in a graphite tube in a current of chlorine 
to remove residual liydrogen as hydrogen chloride, after whieh it is 
washed and heated strongly in hydrogen to remove chlorine. Ciiarooal 
so prepared has a density of 1*8. and ignites in air at 450*. Charcoal 
frtu from hydrogen is also produced, mixed with magnesia, by burning 
magnesium in carbon dioxide. 

The low ignition temperature in ox^'gen of wood charcoal as compared 
with the other forms of carbon is seen from ^loissan's results : 

Dismond Craphile Chartosl 

Evolution of carbon dioxide begins • 720* 570* 200* 

Evolution of carbon dioxide abuiulant 790* GOO* 

Bums with flame .... 800*“350* 690* 345* 

^ Wood charcoal is prepared by the thermal decomposition of wood 
mto volatile parts (gas, water, acetic acid, acetone, methyl alcohol and 
tar), and nonvolatile charcoal. 

Diy W^ on heating to 220* becomes brown, at 280* deep brown, at 310* 
black and friable : above 350* black charcoal is produced. The distillation 



GOO 


INOROAXIC CHEiUSTRY 


(CBAP 


of wood ^ with pro<luc(ion of tnr, aeui, and spirit, was exaitiituxl by Glauber 
in tha sovontoenlh century. TUe percentajre of carbon in good charcoal is 
abou 1 93 : it con t a ina about 1 5 {ler cent of ox.s'gen . 2*5 per cent of by d ro^cn 
and 3 per cent of ash. By heating above I50(i . the hydretgen falls U> 0 G2 
per cent. 


The EDAnufacturc of charcoal is carrictl out in {a) pits or heaps 
(;«ei7er), (6) closed ovens or retorts. The charring in meiler is very old. 
A rough central cliinniey is built of turf, and billets of wood stacked 
round it in a conical pile, the whole licingcovcrctl in with turf (Fig. 312). 
A liglitcd fuggot is dropiied down the chimney to kindle tiic wood, which 
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bums slcu'hj. just sufficient air being admitted through holes at the 
bottom. Part of the wood bums, and the heat generated chars the 
rest. After some days the luminous llam<‘ from the chimney is rcjilaced 
bv a blue flame of carbon monoxide. All the airdiolcs arc now stooped 
up and the charcoal is allowtsl to cool. About 24 per cent of the 
we I gilt of the wood is obtained as charconl : all the volatile products 
are lost- 


In the modern process the whkxI is licaie*! in oxternnily fired ovens or iron 
retorts, from which air is excluded. Tlio volatile lir|uid products are cob 
lected, an<l the inflammable gas is uso<l for heating tlic retorts. The liquid 
distillate consists of (a) a watery jwrtion (pyroiiyncou4 acid) cnnUiiiirng 
water, acetic acid, methyl alcohol. an<l acetone j (6) wood tar, which is 
vohioblc (c.i 7 - Sti>ckhotm tar. from pinewooil). The yields from *00 parj^a 
by weight of dry «-ood arc : eliarc'onl 25. lar 10. pyroligneous acid JO. 


gas 25. 

Prooerties of charcoal.— ^Yood charcoal is black nml friable, retaining 
tlic sl^fK- of tlie wood but smalbT in volume. Alli.oupli ' 
of air-free eharcoal is I-3-J-!). tlie mass is very |»ro»s and Ho"'* o" 
uQter If tlie air is rcmovwl by an air pump, charcoal iti uatcr m a 

bottle gives out bubbles ami slou ty sinks. 

pvnofturc to air and moisture ; charred oak stakes of the Komar 
wrSntlanted iu «l.e l.e.i ..f tW Tliames, uerc found nearly l«o 

vilfont^^at'S-^^ Ala'Zl readily adsorbs ga^s (Scbee.e, 
and Fontana, 1777). 
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A piece of red*hot woo<J-cl\areoal passed into a tube of ammonia goe 
standing over mercury (Fig. 513) ; the gas is rapidly adsorbed. The char* 
coal is cooled by tlie mercury, aiul takes up about 90 times its volume of 
ammonia gas. 

A very active charcoal is prepared by heating pieces of coconut 
shell under sand in a crucible ; 1 volume quenched under mercury 
adsorbs the following volumes of gases (reduced to S.T.P.) at the 
ordinary temperature : 


Ammonia • 

. 1717 

H>*<lrogcn phosphide 

69*1 

Cyanogen • 

• I0?«5 

Carbon dioxide * • 

07*7 

KitroxLs oxicle 

* 86*3 

Carbon monoxide • 

21*2 

Ethylene 

* 747 

Oxygen - . . 

17*9 

Nitric oxide > 

* 70*5 

Nitrogen . . . 

IS 


Tho preferential adsorption of ethylene by charcoal has been used to 
extract it from coal gas. \'Qpo*irs of volatile 
liquids are adsorbed more roadily tiukn gases : 
tho vohimes of ammonia, carbon dioxkle, 
stoaiu and alcohol vapour adsorbe*! at 12G*5* 
ore 210, 16*6. 43*8, and 110*8, rcspoclivety. 

Generally speaking, tlio adsorption increases 
the nearer the gns or vapour is to Us lique* 
faction point at tho tom]>ora(ure of tl>o ox* 
periment. Mcllnin found that tho amount of 
gns token up uicroascs slowly with timo, duo to 
a slow peiiotration of thoconclonsod laj'cr into 
the Interior. At low (emporaturos (ho adsorbed 
amount increases rapidly (Dewar, 1904) : 



Fio. 313.— Absorption of 
ammonia gas by charcoal. 
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He 

H, 
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0- 


4 

12 

IS 

185* 

15 

135 

175 

1S5 


O. 

18) volumes at 
230) S.T.P. 


The condensed layer of gas hold by tho charcoal is very roactlvo. Lower 
a crucible eonUinlng warm powder^, recently Ignitod, charcoal into a jar 
of hydrogen sulphide. After it has become saturated vi*ith the gas, transfer 
it to a jar of oxygen. Ignition oecure (Stenhouse, 1655). 

Chlorine sclsorbed by charcoal combines with hydrogen in tho dark ; 
carbon monoxide and chlorine, or sulphur dioxide and chlorine, combine 
when passed o^'Ct charcoal, which acts as a catalyst, to form carbonyl 
chloride COCI|. and sulphur^’l chloride SOiCIt. respectively. 

Charcoal also takes up many substances from solution, e.g. metallic 
salts, organic substances such as alkaloids (c.g. quinine), ond colouring 
matters (Lowita, 1700). * 


Boil solutions of litmus and indigo witli lincly •powdered animal charcoal, 
and 61ter. Tlie filtrates are colourless. 

A'^very active form of charcoal, "active charcoal,” used in gas-masks, 
is obtained by heating cluircoal of birch woodl'at 900* in a ver>' limited 
supply of air or in steam, wl^n tho material obstruct Lng the poree is removed. 
It la also obtained by carbonising wood which has boMi treated with salts 
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ftueh as zinc chloride or magnesiuni chlorMle, which are removed from the 
charcoal by washing with water or acids. It adsorbs much more gas than 
ordinary charcoal. Active charcoal b also used {as well as animal charcoal 
and blowl charcoal) In decolorbing sugar syrup {Derosne, 1812), or for 
removing fusel oil from crude spirit. 

The decolorising charcoal b revivified by boiling it with caustic soda 
solution and washing. Bone black b revivilied by heating to redness in 
c]os«l retorts. 


Animal charcoal, also knoun as is made by heating dc* 

ereased bones in iron retorts. The volatile products are (a) a watery 
Dquicl which (unlike that fhim wood) is alkaline and contains ammonia 
and nitrogenous organic bases, {6) gases, and {c} bone-oil or DippeVsoil 
(containing |>\Tidine. etc.}. Tlie residue is a black mass containing 10 
])cr cent of carbon in 80 per cent of calcium phosphate and calcium 
carbonate, etc. If the calcium salts are dissolved out by hydrochloric 
acid, the charcoal remains as inory bhel\ 

Lampblack.— When coal, u*ax,oil, and turpentine burn with a supply 
of air insufficient for complete combustion, part of the carbon separates 
as a smoke which settles out as soot. A line variety of soot called lamp* 
black is made by burning oil. tar, creosote oil, resin, etc., and cob 
lecting the soot on coarse blankets. In America, natural gas b burnt 
from steatite burners under a cooled rotating metal disc or rollers, or 
(usually) iron bands (" channels "). the whole being in an iron shed. 
The gas l^ck (called carbon black in America) is removed by scrapers. 
A variety b made at Shawinigan by the explosion of acetylene (IVom 
refuse carbide) and air under pre.^sures of 50-100 lb. per sq. in., or by 
burning the gas from burners. Most of the carbon hlaek is used as a 
filler in rubber tjTCS. some as a pigment in printing ink, etc. 

Lampblack contains oily impurities which may be removed by heating 
in chlorine ; it b then a pure form of carbon, density I 78. 

Some varieties of coal (anthracite) contain more than 90 per 

cent of carbon. Coal b a carbonaceous mineral ubich b the final 
result of a scries of decompositions, in the presence of a limited supply 
of air, undergone bv vegetable matter of the remote past. High i>res* 
sure due to the weight of superimposed strata, was probably also 
ncccs-sarv- Part of the carbon, hydrogen, and oxygen came off os 
carbon dioxide, water, and methane (OH,), and the residue became 
richer in carbon. Tlic early stages of (he decomposition were probably 
caused bv bacteria, and heating under presstire rnay have pl«y«J » 
part in the later stages. Vegetable remains in coal are ^n lyjtli the 
microscope, and fassil trees and pbnU are often found in the coaUeama. 
TJic kind of vegetable matter, and the way it was covered by earthy 
denosits varied from case to ease. Two theories have been proposed (o 
exS the origin of coal. Urge bc<ls of coal arc supposcxl to ha ve been 
deposited tn si7« from vegetable remains: impure ciirrent- bedded 
local coal, such as eannel, i-s thought to be <lerive<l from the burying of 
water-borne vegetable matter in a delta. 

Stonos. from microscopic invest igslic.ruj, recognbcfd four eoiiHlUuenum 

bimd^lcoal: durum, Their behaviour on cokmg 
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(on heating out of contoct with air) was aiiown by Lessing to be different. 
Fuse in yields a powdery coke : durain coke b also very friable, whilst with 
c lore in fusion and swelling occur, with formation of a bro%«*n coherent coke. 
Vitrain undergoes fusion,yic)ding a silver -white coke with excrosconcos. The 
four constituents )»sve different adsorptive capacities for pyridine vapour. 

The first stage in the conversion of vegetable m.itler into coal is 
supposed to be pent, whicli consists of aceuniulations of vegetable 
matter, cliiefly mosses and bog* plants, whieh hare undergone partial 
cliangc but still preserve evidence of organic structure, altliougb the 
deeper layers may be more compact and homogeneous. The next 
stage is represented by Ugnitt, or brown coal, which is more compact 
t lian peat a nd Is I u si rous, nl 1 ho ug li i m pressions a nd rema ins of veget a b lo 
fragments, leaves, etc., arc si ill distinct and numerous. 

The next stage of the process leads lo the types of iiVumfnous coni, 
i.c. common coal. Distinct evhleiiccs of fossilised rcgelablcs arc still 
present. Bituminous eoals burn with a briglit smoky Ha me, and arc 
divided into cakiny and non*enit*{ii^ according as they do or do not soften 
and fuse together on burning or coking. C'onnel coal is compact, dull 
grey or black, non* lustrous, breaking with a concholdal fracture and 
giving gas and little coke on heating. Splinters of cannel coal burn 
uke candles when ignited, hence the name. Jet, found at Whitby, 
etc., is a liaril lustrous variety of cannel coal. 

The last stage in coal 'format ion Is anthracite, rich in carbon. 
Anthracite has a liigh ignition point, usually a brilliant lustre and a 
concholdal fracture, and docs not burn with a (lame : it gives an Intense 
liCA t on com bust ion > but is not su i table for ordi na ry grates . A n t h ra cite 
occurs locally in many coal-fields , such as South Wales, Scotland, and 
Pennsylvania. Graphite may be the ultimate stage of decomposition, 
since it always contains a little liydrogcn. 

The following table sitows the change In composition during the 
conversion of >voody matter into coal, with tlic corrc3{)onding increase 
in calorific value. 



Wood 
Seat 
Lignite 
Diturainous coal 
Webh steam coal 
Anthracite 
Pure charcoal 
Petroleum 
Coal gas 
H)*drogen • 
Methylated spirit 


600 
00 
07 
$ 8*4 
920 
941 
1000 
65'5 


U]rdref«& 

Orrira, 

00 

440 

5-9 

$41 

6-2 

278 

66 

60 

^mSm 

2‘7 


2*5 


Chlorine V4lu« 
B.Th.U. per Jb. 
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smA I Ur t hon t hose given . T1»e val ues for pu re charcoal , coa I gas, hydrogen , 
methylatftl spirit, anil petroleum are given for comparison.) 

The caloriflc Talus of a fuel is expressed as tlie number of British thermal 
units (B.Th.r., i.e. the number of lb. of water raised I* F. in temperature) 
evolved by the complete combustion of I lb. of the fuel, the water formed 
being supposed condensed to the Nejuid state. It is determined by b\iming 

a weiglietl amount of ll»e fuel in compressed oxy* 
gen ill a strong metal boot calorimeter {Fig. 314). 
Tlie fuel is ignited by a knoum weight of iron wire 
beate<i by an electric current and supported over a 
platinum apoon conlainlng the fuel. The bomb is 
immerseil in water in a calorimeter. The heat of 
combustion of I lie iron w’ire is subtree te<l from the 
total heat evoked. 

CarbUUs. — Compounds of metals with carbon 
are called carbides. Of the alkali metals, only 
lithium combines directly with carbon, forming 
Calciunt U the only alkaline earth metal 
to combine directly with carbon, forming CaC| : 
carbides of strontium and barium, S^| and 
BaCf. are made by heating the oxides with 
carbon in the electric furnace: M 0 4 > 3 C« 
MC^ + CO. Beryllium combines directly with 
carbon, forming Be,C. Of the earth metals, 
only aluminium unites with carbon to form 
AliC^; the rest form carbides when their oxides 
arc strongly heated with carbon. Alanganese 
and uranium form Mn^C and VCt, which are decomposed by water. 

By the action of water on some carbides, hydrocarbons are produced. 
Alkali and alkali no- earth carbkJc.s form ac^tyUnt : CaCj + 2HjO» 
Ca(OH), •♦-CjH,. Beryllium and aluminium carbides give rntthane: 
Al.C, > 1 2H,0 - 4AI{OH), + 3 CH 4 . Some carbides, e.g. thorium carbide 
ThC,, and uranium carbide UC,. form gaseous, litpiid, and solid hy<iro. 
carbons ; manganese carbide evolves a mixture of methane and 
hytlrogen. 

MeUl carbicles are <llvided into two classea : <i) containing 

carbon anions (C«- giving acetylene with water. C«- giving methane) anfl 
metal ions ; (ii) re/raftory. mostly ver>' hard, with carbon atoms dispersed 
in the metal lattice (e.g. TiC, ZrC, \C, W|C). 



FiQ. SN.— Bomb 
rsloritnctcr. 


Hyokocaaboks. 

Methane —The manft yas formed by the* bacterial decay of vegetation 
{cellulose) at the bottom of marshy pools, and liberated in bubbles 
when the mu<l is disturbed with a .rtick consists mainly of methane and 
carbon dioxide. Methane occurs occluded in coal and escapes when flic 
tircssure is relieved, forming fin-damp, which when mixc<l wit 1 air 
Lu^ explosions on ignition. The gas often issues m laiyc quantities 
from '* blowers " or fissures in the coal, and contains 8U-98 per cent of 


METHANE 


605 


TOOCU] 

methane, wth some carbon dioxide, ethane (02He), and nitrogen. 
Natural gas from petroleum welU contains more than 90 per cent 
of methane, and the gas from some kinds of rock salt (s ricli in 
methane. 

Methane is formed by the direct combiriation of carbon am! [)y<lrogcn 
at higii teniperatures r C +2K2 ^ CH4. By circulating liydrogcn over 
heat^ sugar* charcoal more than 95 per cent of the tlioorclica) yield is 
produced. Between 1100^ aiul 2100^, at pressures up lo 200 atm., 
methane is the only saturated hydrocarbon formed : ethylene and 
acetylene are formed in smaller amounts. The prceentages of methane 
in equilibrium witfi carbon and hydrogen at atmosplicric j)rc.ssur« arc : 
850^,2 5: lOOOM'l ; 1100®, U O. Methane b produced when a mixture 
of hydrogen and carbon monoxide is {tassed over reduced nickel at 
250® to 400®: CO + 3H2.CH* + H,0. 



Fio. 315. — PreparaHon of methBrw. 


In the laboratory, methane is usually prepared by fjeating a mixture 
of sodium acetate, which has been fus^ to remove w'ater of crystallisa* 
tion, and powdered, with three times its weight of soda •lime in a 
hard glass or copper flask (Pig. 304) r 

CHvCOONa + NaOH - NajCO, + CH,. 

It is collected over w'ater. Prepared in this wav it is not very pure and 
may conUin up to 8 per centof h>^rogen and 10 per cent of unsaturated 
hydrocarbons such as ethylene CjH*, the presence of which causes it 
to bum with a slightly luminous flame. 

Nearly pure methane is obUined if anh\*drous sodium aceUte is 
heated with anhydrous barium h^-droxide iriteadofsodadime : 

2CH,C00Na -i- BaiOH), - Na^, + BaCO, + 2CH,. 

Pure methane is prepared by the action of water on zinc metixyl : 

Za<CH.), + 2H,0 * Zn{OH)* + 2CH„ 
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or by the action of zinc*copper couple, or amalganmtcil nluminium. on a 
rcixture of methyl iodide and methyl alcohol : 


CH,I + CH,OH + Zn=s ZnKOCH,) + CH, 

2Al + 3CH,I + 3CH»OH s AJ(OCH,), + AH, + 3CH,. 


The zinc ‘Copper couple is prepared by ehaking dry zinc dust with one* 
tenth of its weight of dry copper oxide in a flask. The flask is fitted with a 
4iroitping funnel and a vertical tube containing granulated zinc which has 
been imtnersed in cupper sulphate solution. A mixture of etiual volumes of 
methyl iodide and methyl alcohol Is dropped slowly on the couple, the flask 
being gently warmed if necessary. The niethane peases through the cop- 
pered zinc, which frees it from methyl iodide vapour, and is then collecled 
over water. Ama1gamnte<l aluminium is more active. It is made by 
immersing small pieces of sheet aluminium in niorcuric chlorido solu« 
tiun and w'ashuig in dry methyl alcohol. It is packed into a U*tul>e 
cooled in ico and is covered with methyl iodide. Tlie mixture of 
methvl iodide and methyl alcohol is <lroppc<l on from a tap funnel 
fitted to one side of the U -tube and I ho gas evolved {tosses out through a 
delivery -tube. 


Fnirlv pure methane Iscvolvotl by the action of water on altimlnium 
carbide': A1,C, 12H,0 -4A1(0H)3 + 3CH,. It is purified from hydro- 
gen by adding a little more pure oxygen than is necessary to combine 
with the hydrogen, and passing over palladium black or palladium 
asbestos at 100*. The excess of oxygen is then removed by alkaline 

pvrogallol. , , , - 

Properties of metbane.—Mcthane is a colourless, odourless, non* 

poisonous gas, b. pt. - 101-4". m. pt. -185-8*. The critical tempera* 
•ure and pressure are - 82-85" and 45-6 aim., the normal density 0 /168 
om /lit., slightly higher than the iheorctical value of 0-7J54. It is 
sparingly soluble in water : 5*50 vols. in 100 voU. at 0*. and 3*3 vols, 
at *>0* • it is rather more soluble in alcohol. 

Mcliianc is very stable. It is decomposed by heat into carbon and 
hvdrocen • the decomposition is inap|>reciablc at 700*. and sixty times 
faster at 085" than at 785". Reaction occurs on the surface of the 
vessel a dense form of carbon being dc|)osited. Methane burns in mr or 

oxtlre;) CH, + 20,.C0,^2p; its 

? in air is hich viz. G50*-750". When mixed with oxygen 

of"oir it forms a violently explosive mixture : I vol. of metliane 
2 vols of oxygen, or 9 5 vols. of air, for complete wmbustion. Tfic 
lowest wreentage of methane in air necessary for (he proiMgation of 
flamfis^O by volume, and tlie lowest ignition tcmi>craturc is stated to 

slow combustion of methane, when a 
cen is passed over heated porcelain, traces of formaldehyde H COH are 
Tmcd: CH. + 0,-H-COH^H,0. 

A„..or,Hne to H B. .Umstrong, and Bone, the eomboslion of molb^e 
^ w hvdr^arbons oebrs by the entrance of oxygon into the 

molecule, where it is distributed between the carbon and hydrogen to fonn 
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ufistftble hj'dfoxylated molecules which may undergo oxidation or thermal 
decomposition : 

CH. -► CH.OH -► CH.(OH), ^ H CKO ^ H COOH -> HO CO OH 


methyl 

fticohel 


uBXaown ia 
free 9Ute 


formal* 

d«hyd« 


eatbonlc 

arid 


C0 + H,0 C0, + H,0 


At 300* and 100 atm. preasure. up to 17 per cent of methane may rapidly 
be oxidised to methyl alcohol, with only 0 6 per cent to formaldehyde an<l 
no trace of hydrogen peroxide. Under ordinary conditions formaldehydo 
is the first pr^uct detected 

According to another theory, unstable peroxides are first formed and 
then decompose, the prodocis being further oxidisoil by excess of oxygen 
into oxides of carbon and water. 


Dolton (1805) found that when methane is mixed with its own 
volume of oxygen, “ the least that can be used with elTect," and fired 
by an electric spark, the mixture explodes without appreciable change 
in volume witii formation of carbon monoxide and hydrogen : CH^ + 
Oj-CO + H, t H,0- Each atom of pas requires only 2 atoms of 
oxygen ; the one joins to one of hydrogen and forms water [HO, 
according to Dalton) ; the other joins to the carbone to form carbonic 
oxide, and at the same moment the remaining atom of hydrogen springs 
off/’ On adding a further volume of oxygen, the gas may again bo 
fired by a spark : CO + H, f-Ot-CO, + H|0. , . . 

A mixture of I toI. of mcliiane with 2 voU. of chlorine when kindled 
burns wth a dull flame, producing fumes of hydrochloric acid and a 
black cloud of carbon : CH^ + 2Clj -4HCi -kC. A mixture of equal 
volumes of chlorine and methane on exposure to diffuse daylight, 
slowlv reacts to form htxlrogcn chloride and mcfAyf c^^orid< : CH| +C1, 
-CH 5 CI + HCI. With’ excess of chlorine, hydrogen is replaced by 
chlorine until carbon Mrwhhride CC\^ is formed as a final product r 

CH* + CI 5 - Ha + CHjCl (methyl chloride) 

OHjCl + Clj - HCI -r CH^a, (mcthvlcnc chloride) 

CH,Clt -r Cl, - HCUCHCl, (chloroform) 

CHCI, * Cl,* HCI + CCI* (carbon tetrachloride). 

Mixtures of all the substances are usually produced. Since methane 
can react only by substitution or decomposition and not by addition, 
it is called a saturated ht/drocorbon. 

Ethylene. — Hydrogen and carbon at high temperatures react to form 
methane and a trace of ethylene, wlxich may be absorbed by passing the 
cooled gas over charcoal cooled in liquid air. Most of the ethylene is 
decomposed at the high tcm|)cra(ure. At 1200^ the ratio of methane 
to ethylene is 100 : I ; at 1400* it is 10 : 1 . 

Ethylene is formed by jassing alcohol vapour over thorium dioxide or 
alumina heated at 340’-3o0®, acting os a catalyst : C,H*OH * H,0 + C,H|. 

Ethylene is prepared by dehydrating ethyl alcoliol by means of zinc 
chloride, boron trioxide, phosphorus pent oxide, concentrated sulphuric 
acid, or syrupy phosphoric acid: C^H^OH •••HjO. With sul- 
phuric acid, ethylaulphuric acid, CtH^HSO*. is first formed and then 
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-Ts'rrVH ’ - Hf).=C,H,HSO. + HA (2) C,H,HSO, 

- «J>U 4 * L riiis method of preparation appears to have been 
disi-oyered by Bccher {\mi but ia first described by the Dutch 
chemists Deiman, Bondt, Lauwerenburgh. and Pacts van Troostwijk 
m 1,90. Lilly ene was first clearly distlnguislied from metfiane bv 
Dalton and by Henry in J805. 


30 ml. of alc<ihol and 80 ml. of concentrated sulphuric aeiti ore hoateil in a 
litre fiosk at 100 -170®. and a mixture of er|ual volumes of alcohol and 
eniptmric aeUl clrop|)f<| in from a tap.funncl. The gas is wwlied w ith water 
and sodium hydroxitle solution to remove carbon dioxide and sulphur 
dioxide. The ethylene is colJeoteH over water (Fig. 316). 



Fio. 316.— Preperation of ethylene. 


According to Xew*th*s mot hod (1001). alcohol is dr<ipf,od by a tube roach* 
ing to the bottom of a distilling (losk into 30 ml. of syrupy phosphoric acid 
which has been boiled till the tem|>cralurc rises to 200 -220' ; or alcohol 
vapour from one fiosk is poasod tli rough pliosphoric acid at 220® in a second 
flask. The gas is passed through a tube cooled in ice. This gives a very 
pure gas, wdiicli may be collected over soturated 8o<lium sulphate solution. 

Properties of ethyleoe .^Ethylene is a colourless gas with a peculiar 
sweet smell. It is slightly soluble in w ater and very soluble in alcohol. 
B. pt. -1 03*7*, m. pt- -IGO'S*; critical tern |)cro lure OS®, critical 
pressure 50*05 atm. Pure ethylene has been used as an anocsthetic and 
for riiicning " fruit. On sparking, the gas is decomposed into carbon 
and hydrogen. When passed through a red-hot tube it gives hydrogen, 
acetylene, and methane, w'ith deposition of a lustrous film of carbon. 

According to Bone an<l Cowanl. the llicriiial <leconiposition of ethylene 
may be represen twl by the follow ing acliemo ; 

^ (ff) C,H,*kH,. 

H,r;CH,-^2C'H : + 2C + H, t H,. 

^Cc) C,H,4 3H, = 2CH,. 
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The radical CH | ts eupix’sctl (o )»ove a (nuiaioiit existence : it may undergo 
polymerisation, u ith forma lUm of complex ring coni{M)uncJs. 

Ethylene burns in air with a smoky luminous Hamc, but in oxygen the 
flame is very bright and dex^s not smoko. When mixed with oxygen in 
the proportions of 1 : 3 by volume and kin<lied, etliylenc explodes 
violently, and undergoes complete combustion : C2H/+30.-2C08 + 
2HjO. If ethylene is mixcti with an equal volume of oxygen and fired 
by a spark, expansion occurs and carbon monoxide and liydrogcn arc 
for med : Cj + 0 j * 2CO 2H j . 1 f I ho rosu If ing m ix l u re, wl i i cl i bu rns 
with a blue llamc in air, is mixed with lialf its bulk of oxygen and again 
exploded, carbon dioxide and steam arc formed : 2CO -f 2H. + 20.« 
2C0,f 2H80 (Dalton, ISIli). * * 


Tiio combusii<*n of ctl»yl«ne is rejjresenteU by Bono as follows : 


vinyl fticobol 


(IIO)-CM:CH(OH) 


CHjCHO 

stetsl4<h>*«k 


2HCOH 

fiirmUctoSc 


fofailc scM 

HCOOH 


rarbonir 

HOCOOH 


H,0 + C0 H.OtCO, 

The production of hydrogen in the incomplete explosive combustion of 
hydrocarbons is considcrctl as duo to the sccomlary thcntial docompositlon 
of the formaldehyde : H-COH H, + CO, and the free carbon from decom- 
position of acctoldchyde : CH, CHO« C + 2H, + CO. 

A mixture of 1 vol. of ethylene and 2 vols of chlorine when kindled 
burns with a flame, fumes of hjxlrocfiloric acid and a dense black 
cloud of soot being formed : CjH^ + 2Clj -4HCI + 2C 
If cttiylcne is mixed over wolfr with an equal volume of chlorine 
and tlie mixture ex|)osed to liglit, contraction occurs and oily drons 
collect on the surface of the u-ater. These consist of ,lb,l.o. iicWond. 
t-jH.U, or fluIcA Uqaid. formed by the direct addition of chlorine to the 
double bond in the ethylene molecule r 

HjC:CH. + Cl, -CHjClCH,Cl. 

On account of tlj is reaction, ethylene was called w fr e oil, 

forming gas) by Fourcroy. Ethylene dicliloride was discovorod bv the 

of water, forms a colourless jdcasant-smcllinff liouid ethuUn^ 

dibromide C,H,Br, or CH,Br-CH,Br, similar to the dichloHde.' 

'‘ydriodic acid 

at 100 , but not with hj-drochlorjc acid : CH,:CH,-f- HBr&CH OH Rr 

t r '"ir' “ ~lucea n”ke Ut UOMso" 

CHjiCM* + H,0 + 0 a CHjOHCHjOH. 
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FlO. 317. — BerthcJot'A aynMicsu of teotyl^ne. 


Concentrated sulphuric acid absorbs ethylene slowly on shaking at 
the ordinary tem|>craturo. rapidly at 160M70®, with the formation of 
Hhylsulphuric acid or SHiphorinic acid CjHs HSO^ : + H HSO4** 

\Yhen this is boiled with water, alcohol is produced : 
CjHj* HSO4 + H 0 H » C jH 5‘ 0 H + H^SO^ . Fu 01 ing su Iphuric ac i d rapidly 
absorbs ethylene, a reaction used in gas analysis as an alternative to 
absorption by bromine water. Elhhnic acid and carhf/l 

sufphaU are formed. 

Acetylene.^ By the action of water on carbide of potassium formed 
in the preparation of the metal from ]>otassium carbonate and charcoal 

(p. 608), Edmund Davy 
( 1 836 )obtaineda hydro* 
carbon, uhlch was re* 
discovered by Berthelot 
in 1 860 and called by him 
acetylene. He showed 
that it is formed wlien 
ethylene or alcohol 
vapour is passed through a rod-hot tube, and (in 1802) by direct s3'nthesis 
from its elements when an electric arc burns between carbon iwlcs in an 
atmosphere of hydrogen (Fig. 317) : 2C + ^ Small quantities 

of methane and ethane are also formed by iiKle|>erHlent reactions. 

Acetylene is harmed when a Bunsi^n burner “ strikes back,’* i.t. when 
tlic coal gas bu rns at tl le lower small Je I , w i l f 1 a I im i ted su pply of a I r and 
in contact with the metal tube, which cools the flame. The peculiar 
Bmcll noticed is said to be due to acetylene, although it may be due to 
formaldehyde. The acetylene is probably forrtwd fhnn the tficrrual 
decomposition of the ethylene in the coal puis. 

The acetylene in t lie gas is <!ctevte«l by 1 10 U ling over the burner a globe 
wetted inside with ammoniacal cuprous cbinndo solution- The dark blue 
liquid is rapidly coveretl with a red 
film of cuprous sestylide CuaC|, which is 
explosive when dry. 

Acetylene is prepared by the action 
of water on calcium carbide (V\ ohler, 

1862) t CaC, + 2HtO - Ca(OH), 

C,H,. 

Cover the bottom of a conical flask 
with a layer of san«l. and place on this 
a small heap of calcium carbi<le (Fig. 

318|. Displace the air with coal gas, 

an<l allow water to <lrop slowly on llie of acetylene. 

“S, I.*.- -w- 

^ T^orriAl carbifle has an unpleasant smell, duo to imi)ijrjli©s such 

from con^ercial carb»2 1 ^ 

“17'’ A:,r>^eTn-‘o- - 0. Vi-ip'e 

ai.p«r»tU5. or eL a regul.lod .treom of water drop, on tl.a .arbi.lo. 
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Puro acolylcito is cvolvcxl on (l«com|V>Ain«; rtiproiis acotyli<lo with pu* 
tassium cyan i< Jo solution : ^'ujCt ► 2KCX + 211.0 ^ 21'uCN + 2K0H + r,H, ; 
or when ethylene clibrornNlo i* drt)p|>C4l into boilint; alcoholic p<itasli (or 
sodium othoxiileiibsol veil in alcohol) : CK.HrCKillr-f 2K0H = CH '('H * 
2KBr * 2HtO. The cornpouiul C'.K^Iir U formoil in an intorinotliato stage. 


ProperUes of acetylene. — Acetylene is a colourless gas with an ctficreal 
smell when pure, hut when im]mrc it has an unpleasant odour. When 
strongl)’ cooled it forms a white solid subliming at -H3*0^ Under 
1*25 atm. pressure the solid melts at -xU to a colourless liquid. Tlie 
critical temperature is 35*5^, the critical pressure 6 1 Co atm. The gas 
dissolves in its own volume of w'ater at 15^ and is more soluble in alcofiol. 
Acetylene ignites at 428* in air. burning >>ith a very smoky luminous 
llainc, but it supplied to special burners under a pressure of 2-H in. 
of water, so as to esca|ie through fine cajtillaries and mix u'ith a regu- 
lated amount of air, the llamc is very bright and docs not smoko. 
Acetylene explodes with ox\*gcn with extreme violence : 2CtH« -f 50^ * 
4C0) 4- 2 H 2 O ; it is unsafe to try the experiment, as strong glass vessels 
are shattered by the ox]>losion. 

Mixtures of nectyicne and air in proportions varying from 4 : 5 to 
4 : SO. arc explosive. Coal gas is explosive only when mixed with air 
within the limits 1 of gas to 0*13 of air, and tfic lou’cr limit of ex|>losion 
for methane is 5*4 jkt etujt in air. 'i'fie danger of explosion with 
Bcet 3 *lene is much greater llian u ith coal gas. 

Acetylene forms with tlie haemoglobin of the blood a compound 
which, unlike that ])roducod by carbon monoxide, is unstable and is 
readily decom|)ctscd by aeration. The pure gas has been us^ as an 
anaesthetic. 

Acetylene is an endothermic eomiwund : 2C + Hj ^ CjHj - 47*8 k. cal. 
It is unstable, and readily explodes under moderalo |>ro$sure. It is 
therefore generated as required, or is absorbed in acetone, wliich 
dissolves 3Ul> vols. of the gns under 12 atm. pressure. The acetone is 
soaked up in porous material (“ kapok *') contained in steel bottles, 
The chief use of acetylene is for illumination, and for the oxy-acelvlene 
blowpipe, but it U finding increasing applications in tlie synthesis 
of organic comjwunds. 


Acetylene is unsaturnied and forms addition compounds. Chlorine 
explodes violently with the gas, but by passing the two gasca nlteniately 
into sulj>hup chloride contoining a little reduced iron, combination occurs to 
form oceiylene dichlori<Ie CHCid^HCl. an<l tetrachloride CHCl, CHCl,. 
Tliese are used as solvents. In contact with platinum black acetylene 
cnjnbuies with txvo or four atoms of hydrogen, forming ethylene or etliano, 
CtH, or C,H„ respectively. Hydrobromic ackl fonna CH,:CHBr and 
CHj'CHBr, (eihylidcne bromide, isomeric with ethylene dibromide 
CH,BrCH,Br). 

If acetylene is passed into a boiling solution" of 3 vols. of sulphuric acid 
and 7 vols. of water to which a few per cent of mercuric sulphate is added. 
aMt^deliyde CH.-CHO is formed and distils. Prom acetaldehyde, 
alcohol CH,-CH,-OH. can be obtained by reduetiem ; oxidation, aide- 
hyde forms acetic acid CH» COOH. 
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TJio comUiidtion of acetylene is represented by Bone according to the 
echeme : 

riroxei 

HC : CH ^ (HC : O), 

. i * i — . fennlc edd «arb«c»ic odd 
CO + H COH ^ H COOH -► HO CO OH 


foriMblrto'dc 


H,0 4C0 H,0-fC0, 


When acetylene is heated lo dull redness, polymerisation occurs and a 
liquid mixture of hydrocarbons ts obtained, one of which is bensene : 
3C,K| = C|H«. This U an example of tlie conversion of an aliphatic into an 
aromatic hy<]rocorbon. A certain amount of the acetylene forms the free 
ra<iical CH • . which <lecomposes into carbon and hydrogen, the latter com* 
bining witli the CH • to form methane CH 4 . 

Tbe composition of gaseous hydrocarbons. — Wlten a measured volume 
of a gnjteous liydrocarbon is mixed in a eudiometer with a measured 
excess of oxygen, and the mixture exploded by a spark, water and 
carbon dioxide arc formed : 


+ (m f in)0, ■ mCO^ + |nHtO. 

The water condenses to liquid on cooling and the carbon dioxide may 
be absorbed by potasli solution and its volume found. Tbe residual gas 
is the excess of oxygen used. 

Since the volume of carbon dioxide is equal to the volume of oxygen 
used in burning the carbon, say m c.c., then if x c.e. of oxygen were 
originally taken and : c.e. remain unabsorbed after tlie experiment, it 
follows that the volume of oxygen used in the combustion of the 
fjydrogen is y - x - (m + 1 ) - Jn c.c. This volume of oxygen would cor. 
resiiond witli a volume 2y or Jn of hydrogen existing in tlie free gaseous 
state. Each volume of carbon dloxulc corre8|)ond8 with one atom of 
carbon and each volume of hydrogen with two atoms of hydrogen. 
Thence the com|K»itlon of the hydrocarbon is easily calculated- 
The results arc shown in a table. To avoid decimals, larger volumes 
of gas arc si>ecific<l tlian would conveniently be used, and the explosion 
of ethylene or acetylene with oxygen in a eudiometer is attended 
with danger. 

V«t. rtiniMfUeo 
AA«r mUhhotesli 
rx|4oeio« a^oLlHI, 

36c.e. 30 c.c. 

65 .. CO .. 

35 .. 20 ,. 


Ga» 


V0I. Uk«a 


VnL«r 

oskirn 


RnMo»l 

i>xrS^B 


V«l. of 0, 
comM. 
with Ut 


30 C.C. 

30 .. 
10 .. 


GG c.c. 
95 .. 
30 .. 


Oe.c. 

5 

5 .. 


30 c.c. 
30 ., 
6 .. 


Vol. Of 
h>dxogeO 

GO C.C. 
60 .. 
10 .. 


^lethane • 

Ethylene • 

Acetylene 

Tlie Uble shows (hat I vol. of methane gives 1 vol. of wbon diox^e 
and contains an amount of hydrogen equivalent to 2 vols. m the fee 
Ktate Thus I molecule of mctliane contains 1 atom of carbon and 2 
molecules or 4 awms of hydrogen, and its formula is CH,. This is »n. 
firmed bv tlie density. 1 vol. of ethylene gives 2 vols. of ewbon dioi^o 
and ronuins an amount of hydrogen equivalent to 2 vols. m ‘*>6 fee 
state Tlius I molecule of ethylene contains 2 atoms of carbon and 4 
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2 voh. of carbon dioxide and contains an amount of f)\'<irogcn cquiva* 
lent to 1 vol- in the free state. Tlius, I molecule of ethylene contains 
2 atoms of carbon and 2 atoms of iiydrc^cii, and tlic formula is OjH,. 

Coal gas. — The distillation of ocal witli the formation of wo-s 
carried out by the Rev. John Clarion in IC88, the rc.sulfs Wing puh- 
Jished in 1730. It was also described by Bi5Jio|> Watson, who fourul 
that gas, tar, and a watery liquid were formed. Tlie use of coal gas as 
an illuminant was introduced by William Murdock in 171J2 : in 17118 
he installed a gas plant for lighting tlie factory of Boiilt<in and Watt at 
Soho, near Birmingham. Gas lighting was introduce<l into Salford 
factories in 1805. the first public gas-works being erected there. ar;d 
about the same time gas lighting was used on n very small ^calc in 
don, the streets of which were lighted by gas in 1808, Paris following in 
1815. The use of gas in dwelling-houses came much later. 

In the gas-uorks bituminous coal is '* carbon uccd ” in fireclay re for/s 
(Fig. 310) heated by producer gas formed by passing air aiul slcam 
through incandescent coke. The gas evolved from the coal |>asses hy 
way of vertical a^nshn pipf4 to a long horizontal h/dmuUc wain. 
which serves as a water-seal, preventing gas |»as5ing back U'hcn a retort 
is opened. In the hydraulic main partial separation occurs into crude 
gas, ammoniacal liquor, and tar. The gas leaving the main at about 
contains tlie following impurities, in per cent bv volume, whieb arc later 
removed : 


Ammonia - 0 ? -I t H)*drogea sulphide - 09 -1>7 

Hydrocyanic acid . 0 05-013 CaHxui disulphide - 0 02-0 04 

More tar is separated in the fondewra. a series of air- or water- 
cooled iron pipes. Ammoniacal liquor dc)>09ita with the tar, and the 
two collect in the tar- well. The gas passes to exhauairr^, which main, 
tarn a slightly reduced pressure back to the retorts, and force the uns 
forwards to the punhers and finally into tJie gOH-Iiulder. From ihc 
exhaustera the gas passes to a tar aepamtor in which tar fog is taken out 
say by dividing the gas into fine streams whicli impinue on a solid 
surface to which the tar droplets adWiv. Tlie gas then passes to a 
umher, an iron tou-er packed with coke or wooden IxKijds s<d on edire 
doum winch water passes, which removes the rest of llic ammonia ’ 
• contains os impuritie.^ : carbon dioxiilo, hvdroceii 

sulphide (a ^rlion of each gas is deposited with the arnmonia in the 
pre^^ous cooling and scrubbing), and carbon disulphide. UK) cubic feet 
of crude g^ contain upwards of 400 grains of sulpliur as and 40 
r LSj. It passes to the purifiers, in wliich it passes over trovs 

covered with hydrated ferric oxide (“ bog iron ore \ Tlie oxid^of 

^(UH)5-K 3H^-PeA + 6H,0. The oxide is - revivified '* bv ex- 
posure to air, when sulphur is separated and hixlratcd ferric oxide re 
generated: 2Fe,S,;.3d +0H,O-4Fe(OH). + k 
removing carbon disulphide was to pass the gas throiich slaked limo 

U(HS^^+2h 1? sulphide: Ca(0H), + 2H^- 

* ‘hio^rbonatc is' form^: 

(nii),40b, CaCS,4H,S. The hydrogen sulphide evolved ia re- 
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e cArbon disulphide is now often left 
by a catalytic process in which the 

e sts©ja^'^a 

^ =1 o I l-Sil’ 
-pfe‘3!*s = sl 

» 0*5 ? S 2 *1 S’? 

* ®-SI e 

I Is** HI “^'22 

k I Zti 9'li'^ i % 

«S g i f £ « ^ " 

nllsifS?!? 

„ L'is-Nbi 


Sw8BUn^9iFc 

iilssld::? 

? 2 2 gfS fe si’s 

riUlicxIl 


5 2 B-g® g - 0.|55 

t = 5 * F Itlc.S .- 


g„ U I»s 3 cd over nickel et 450- CS.^H. = 2H^4C. The 
hydrogen^ulphide formed is removed as usual. 
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The purified gas jiasscs lo tfie a countcrjioiscd iron bell 

sealed below by water, or an iron tower with a piston scaled by flowing 
tar. The purified gas slioiikl contain less than I part of HjS ]>or 
10,000,000 parts, x.t. it should not blacken lead acetate {mper in less 
than 3 minutes. 


Cy<initit$ (which are of value) an? removed from the crude gns by passing 
through a waslicr containing ferrous siilpliate and alkali, when ferrocyanide 
is produced ; or through anunoniaca] liquor containing ammonium sulphide 
with pow<iered sulphur in sus|fension. when a solution of ammonium 
thiocyanate is formetl : KH,CN = (NH,)^ + NH,CNS. 

TJie average composition of genuine coal gus. In |>erceniAgoa by volume, 
is as folloM’s ; 


Hydrogen .... 
Methane .... 
Carbon monoxide 

Olefins, acetylene and benseno 


• 3g -95 

• n -25 

• 4 -J5 

. 2 5- 5 


Nitrogen (mostly from air leakage) 2 -20 ] 
Carbon dioxide • • 0 - 3 [ 

Oxygen 0 - 1*5 j 


Dilutntt, non • i llumi • 
Dating, but heat*pro* 
during. 

Ulum\nQnt4, unsatura- 
ted hydrocarborw. 

IntrU. 


The calorific value of coal gaa is about 450 lo 500 B.Th.U. j>er cu. ft. gross. 
Modem gas is often mixed with «-aier gas. produced by blowing sicnm over 
reddiot coke j C e H^O # CO 'f H|. In this way (he percentage of carbon 
monoxide is increased and that of methane diminished. Carbonisat ion in 
large vertical retorts of silica brick is now much used, moco or loss steam 
being introducetl into tho retort, and the coke extracted eoiitiimously 
below and cool fetl in nt t lie top. In many works, the gas after pvirification 
« dehydrated before it enters (he holder by scrubbing with concentrated 
calcium chloride solution, and to prevent subsequent ro-wetling of tUo gas. 
the water in the holder is covered with a film of suitable oil. 

probably derived from the decompositioo (at 800®- 
1000 ) of gaseous hydrocarbons in conUct with the rcddiot walls of the 
retort. The carbon formed deposits as a hard grevish.black mass of 
ga4 carbon . winch is removed by chipping. Thu U a pure form of carbon 
density i*3u, which is a good conductor of electricity and is used for the 
pencils of arc lamps or in electric batteries. 


According to Hofmann and ROchling it is a mixture of graphite with a 
ver>-li0rd variety of carbon, which tbaycalU«srfrwu«ir6on.8ilvery in annear. 
anco, density 2 07, which is a moderately good conductor of electricity and 
IS depositee! on a glared porcelain surface at 800®-1000* from gas containina 
methane, m tlie form of a brilliant layer. It is ehemically very inert 
resisting nitric acid and even fused sodium sulphate. ^ ' 

The luminosity of c^ gas flames Is due entirely to olefin hydro. 

^ P*'' (0-06-0-07 per cent), 


hydroeerbon. on the luminosity of flames may bo 
lUustratod by fitting a brass jet to each arm of » Y-tubo, in one arm of 
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which is a piece of cotton wool eoeked in toluene (Fig. 320), attaching 
the tube to a hydrogen apperatue. and lighting the ta'o jete» after the air 

ie displaced from the apparatija. The hydrogen 
saturated with toluene vapour buma with a 
luminous flame. 

Coke. — The red-hot residue in the gas retorts 
is raked out. or pushed out by rams, through 
doors opened at the front and back, and i^uenched 
with water. It is known as gas coke, and used 
as fuel. It is greyish -black, porous, and brittle, 
and contains the ash of the coal, about half 
the sulphur, and small quantities of nitrogen, 
hydrogen, and oxygen. The average percentage 
of carbon is 81. 

Fio. 320.-^Lu^oaiiy j Newcastle coal in gas- 

^ . 12,600 cu. ft. cf gas ; 1 gallon of light 

oil scrubbed from the gas ; 1 10 lb. of tar. yielding 
77 lb. of pitch ; 9 lb. of ammonia ; and 66-70 per cent of the weight of the 
coal as coke. 



A hard variety of coke for metallurgical purposes (e.g. blast furnaces) 
is prepared by carbonising coal in cck€»cvtn4. The old '' beeluve oven 
consista of a covered mound of brickwork, in which the coal is partly 
burnt in a limited supply of air. as in charcoal burning. The high tem- 
perature produce<l carbonises the rest of the coal, and all the volatile 



CwrMp C*t* Own y^ncfert' A9t«ri4lwi* a»4 £>r, 

FiO 321 — Koppert coke oren with " hair pin *’ circulation flu« and 
rrose.ovot regenerator. 


nroducU are lost. In modem “ rccoTer>- ovens, e.j. the Otto, Simon- 
C^is or Konpers ovens, the coal U heated in closed or 

brick retorts, « ft- long, 14-18 in, wide and 12 ft. 0 in. high (Fig. 32^, 
bv flues passing between them in which part of the gas 
^th a“ Cheated in regenerators (c/. p. 920). is burnt. The gas from 


COKE 


017 


XXXllj 

the orene is cooled to separate tar and scrubbed with creosote or other 
oil to recover benzene. The coke is pushed out by rams and quenched 
T^ith water. On account of the value of the tar, gas, benzene, and am* 
monia, the use of recovery ovens has replaced the old beehive oven. 

If powdered petroleum coke, gas (retort) carbon, or anthracite, is 
mixed with soot and pitch or tar<oil, is moulded and strongly heated in 
closed retorts, a compact variety of carbon which is a good conductor 
of electricity is obtained. This process is used in the manufacture of 
carbon elect rodcs for electric furnaces and arc lamps. 

" Low temperature carbonisation '* aims at treating bituminous coal at a 
temperature of C. instead of 1 000* as in oidinary gas works or 

coke oven treatment. A ton of coal then give* about U esrt- of smokeless 
free burning fuel, together with 1 1 gallons of crude light oil. 15-20 gallons of 
tar (which is different in composition from high temperature tar) and 
3500-6000 cu. ft. of gas of calorific value 860-800 B.Th.U. i>er cu. ft. 

Crude benzene (** benzol ”) is now usually extractod from coal gas or 
coke.ovea gas by washing with a suiubte oil, or by adsorption in charcoal 
and is recovered. This reduces the carbon disulphide and sulphur com- 
pounds in the gas by half, and also ukea out about 95 per cent of the naph- 
thalene. The naphthalene in gas tends to be deposited as a solid in pipes, 
causing stoppages. 



CHAPTER XXXin 

OXYGEN COMPOUNE^ OF CARBON. FLAME 

The oxides of carlion. — Three oxides of carbon gaseous at the ot<iinary 
tecDpornture are kno\M) : 

CirboD dioiide CO,, colourless gas. b.pt. >50^ at 5*3 atm. pressure, sub- 
limation temperature - 7 8* 52*. critical lemiwrature 3M% critical pressuro 
72*80 atrn. ; the anhydriJe of caxbooic acid HO CO OH (known only in 
solution). 

Csrboo moooBdt CO. colourless gas. b.pt. - 191*5*. m.pt. - 200*. critical 
tem|>erotur6 - 138*7*. critical pressure 34*6 atm. ; tlie anliydride of fennic 
acid H*CO*OH. 

Carbea suborids C,0„ colourless gas. b.pt. + C’, m.pt. - 1 11*3*. the (double) 
anhvdritle of maloaic acid CHjfCOOH),. 

The 80 li<l oxides C 4 O,. C.O,. and C„0, have also been described, and salts 
of the pefcarbooic acids and are known. 


CARBOh* Dioxinx. 

Carbon dioxide M’aa first prqwrwl by Van Hcimont about IC30 ; he 
called it 90s sylvutrt. It woa examined by Joscpfi Black (1755), and 
more fully by Bergman (1774). and was clearly recognised as an oxido 
of carbon by Lavoivicr (17.S3). Laroiskr determined its composition 
bv burtiinc charcoal and diamond in oxygen, showed that it combines 
vdth bases to form salts (as had been discovered by Black), and caQcd 
it acide corboniqut. It was long known as “ carbonic acid gas. 

Carbon dioxide issues in abundance from the earth in the Poison 
Valiev (Java) and the CrottoUcl Cane (Naples), and the gas from such 
sources' as well as that collecting in cellars (which extingmslics a 
eandlcl’is mcntionca by riinv- It occurs in many minora f' 

as those of Sellers. Vicliy, and the Geyser Spring of Saratoga. B> the 
combustion of coal and other carbonaceous fuels and other 
(n 627) large quantities of it pass into the atmos [.licrc, wfiicii eonta ns 
LWut 3 volt of CO, in 10,000. Carbon diosidc is formed during 

618 
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side and the valve opened, a jet of liquid earbon dioxide issuee, which 
at once freetes to a snow-like solid. T1»U may be collected in a canvas 
bag tied to the valve. The solid may be handled with a horn spoon ; 
if pressed between the fingers it produces painful blisters. It is sold in 
compact blocks as “ dry ice,’* or *• drikold,” for use in refrigeration, 
and for producing t)ic gas. 

The boiling point of earbon dioxide is - 5fi“ under 5*3 atm. prcs.su re. 
The liquid cannot exist under atmospheric pressure. The sublimation 
point of the solid at atmospheric pressure U - 78*32^; a mixture of 
solid carbon dioxide and ether is a convenient cooling agent and may 
be contained in a Doiar cylinder. 

Cut a circular groove in a large cork, and fill it with mercury. Place over 
ehe whole a mixture of solul carbon dioxide an<l ether, by moans of a horn 
spoon. Tlia mercury rapully freesoa. Knock out the ring of solid mercury, 
snd suspend it by a gloss hook in a jar of water. A ring of ice Is furmod» and 
the mercury mclca. 

If solid carbon dioxide is sealed up in a strong glass tube, it melts 
under pressure to a liquid. If the tube U w^arm^ gently, the liquid 
exjjands very rapidly, and at 31* the meniscus disappears. At tlic 
same instant the tube is filled with a flickering fog, which at once 
vanishes. On cooling, the reverse changes occur: 31* is the critical 
temperature of carbon dioxide. 

Preparation of carbon dioxide. — Carbon dioxide is pretured in the 
laboratory by the action of acids on carbonates : 2H' -f CO/ -CO| + 
HjO, 

Pieces of marble and dilute h>*droehloric acid in a Woulfe's bottle or 
Ki]ip*A npporat\is are generally ttseil : CaCOs *■ 2HCI CaCI, e CO| -h H,0. 
The gas is w*a6hod w*ith a little water, or passe<l through n solution oraod{\jrn 
bicarbonate to eliminate acid spray, ami is collected by dow*nward <lisplace. 
ment. since it is 1*53 times as heavy as air. The gas may be drle<l by cah 
cium chloride, sulphuric acid or phosphorus pentoxUle. Tlie gas uaiially 
contains a little air unless the pieces of marble are boiled for some time w'itli 
water before use. 

If dihde sulphuric acid is added, marble soon becomes coated with 
sparingly soluble calcium sulphate, and action ceases. If finely-powdered 
cliolk is xised, tl\e reaction is complete, but frothing occurs. Marble or 
chalk dissolves readily In concentrated sulphuric acid if a little water is 
added, since the calcium sulpliate forms a soluble acid sulphate. CaHa(S 04 h- 
To remove sulphur dioxide, a common Impxirity. the gas is passed through 
potassium permanganate solution. 

Pure carbon dioxide is obtained by heating pure sodium bicarbonate : 
2NaHC0) = NatC 04 ^C 0 t^H|O ; by the action of dilute sulphuric acid 
(boiled to free it from air) on pure sodium carbonate : NaiCOs-i- HtSOi 
NaaSO^^ CO| + H|0 : or by heating a mbrture of 1 part of sodium car- 
bonate with 3 parts of potassium dichromale : NaiCO» + a NSiCrO, 

•►KjCrO^-fCO,. 

Carbon dioxide is evolved on heating all carbonates except the 
normal carbonates of the alkali metals and barium carbonate : chalk, 
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Umestuiie, marble, magntsia alba, etc., ctoItc carbon dioxide at a red 
heat : CaCOj ^ CaO + COj. 

An impure gas, mixed with nitre^n, k formed by passing a slight 
excess of air over rcd*hot eokc or charcoal : C + 0^ - CO). If this gas 
h passed into concentrated potassium carbonate solution, the carbon 
tlioxide is absorlicd to form potassium bicarbonate. On heating the 
solution, pure carbon dioxide, free from nitrogen, is evolved , leaving a 
solution of |)otassium carbonate which is used again : K}C0s + C 02 + 
HjO aa iKHOOo. 

Properties of caiboa dioxide. — Carbon dioxide is a colourless gas with 
a faint jmngcnt smeU and a slight acid taste. It extinguishes a burning 
taper, sulphur, phosphorus, etc. ; air in which a taper has burnt out 
contains 21 per cent by volume of carbon dioxide and 17 J per cent 
of ox)’gen is still present. The gaa is used in extinguishing lires. 

Ignite a little benzene in a porcelain dish, and decant over it a large bell- 
jar of carbon <lioxi<te. TJie flame is extingiiislied. 

Fire ertio^ben consist of a strong metal veesel containing a solution 
of sodium carbonate, with a glass tube or bottle of sulphuric acid inside. 
By means of o ro<l attacheil to a knob outside tlie glass lube may be broken, 
or by inverting the container il>e acid jxnjrtxl from the bottle, and the mix- 
ture of liquid and gas then issues forcibly from the rtoule. 

Carbon dioxide docs not support respiration, and animals die in it 
from suffocation, hut it is not jmisonous and if oxygen is taken in 
lime recovery with no ill •effect folio w.s. 

Burning sodium, potassium, and magnesium continue to burn m 
rnrbcn dioxide, with separation of pure carbon : 

4K*3CO,-2K,CO, + a 
CO, + 2Mg-2MgO + C. 


Bum a pie<*e of magneeium ribbon (or stout wire) in a jar of dry carbnn 
dioxicio. Treat the residue with dilute sulphuric aci<l ; magnesia dissolves 
and black 8i»e<'ks of carbon float in the lk|uUl. 

A mixture of solid carbon dioxide and magnesium powder bums with a 
brilliant flash when kimlled. leaving magucHia and carbon. A piece of 
sodium hcatc<l in corb.»n dioxide in a t«t-tube forms carbon monoxide : 
2 Na + 2CO,sNa,CO» + rO. Potassium forms some jiotassium oxalate: 

2K + 2C’0, = K,CA. 

A eliaraclcristic reaction of carbon dioxide U tl.e formation of a white 
,,rccii.itatc of calcium or barium carlmnate when ‘he .» p^cd 
into, or shaken with, bme-water or imryta-water: Ca(OH), + CO. 

hLh*2mpcratur« carbon dioxide dUviciatea into carbon mon- 

oxhlc a d oxytC: ■XO,^^*0,: at different temperature, at 

spheric prepare the .00= 

oTh, .-oa .7.0 «« S3.. 

t>. u /iwr,! found that if a rapkl stream of carbon dioxide was 
p^^i'thrilS i tube heated to about 1300% and the « 
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gas collected oyer potessiuin hydroxiclt* solution (whicli absorbs carbon 
dioxide), a small amount of a mixture of carbon monoxide and oxygen 
^-as obtained, mdicatinp a dissociation of al>out 0*2 per cent. The 
gas is also decomposed by electric sparks, an<l at 2-5 mm. pressure 
65-70 per cent is decom))05c<l by a silent diseliarge. 

The composition of carbon dioxide. — Tfio com|>05ition of carbon 
dioxide may be found by weight and by volume. The composition by 
weight is determined by burning a weighed amount of pure ciirbt>n in 
oxygen, and weighing the carlmn dioxide, usiinlly after absorption. 

About 1 gm. of purified augar-ehorcoal is weigh©«l into o iw>rcelttin boat 
X. plrtcod insitle a bard glass tube 1', one half of wbirii is packed with 
reecntly-ignited granular eoinier oxWo Z (Fig. 322). The purifj'ing appum* 
tus, consisting of U*tubes A and D crmtaining broken sticks of caustic 
potash, and the abs^irpticm apparotiw consisting i>t the weighed potash* 
bulbs C containing concentrated potassium h>xlroxide aolulion, with a 
calcium chlorido tube D, are attached as shovm. The tube is lai<l in a 
combustion furnace. Slieeta of aabeetos ore placed over the ends of the 
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tube, to protect the rubber stoppers fruiti heat radiated from the fximace. 
The copper oxide is heated to redness, a $tow stream of oxygen being passed. 
The burners under the boot are now lighted, ami tho combustion of the 
carbon carried out. The layer of hot copiier oxide oxiilisee any carbon 
monoxide to carbon dioxide. The oxygon is allowed to pass after the com* 
bustion is finished to sweep <Hit tlie carbon ilioxicle, then the oxygen is dis* 
placed by air. The potash*biilbe aro <lotticlied, cooletl and re>seighed. The 
increase in weight represetus tlio carbou dioxUle formed. Let of 

carbon, y a wt. of carbon dioxide ; then y > xa u*t. of oxygen ; carbon! 
otygtn in csrbun dioxide a x/(y -c). 

Dumas and Stas (1841) carried out in this way five combustions of 
natural graphite, four of artificial graphite, and five of diamond. The 
results were in agreement, the mean wri^its of carbon combining with 
800 parts of oxygen being as foUow*s : 

209'92 parts of natural graphite, 

299*05 parts of artificial graphite, 

300*02 parts of diamond. 

Due allowance w*ae made for ash remaining in the boat after the com* 
bustion. 

The equivalent of carbon (0 = 8) is thus almost exactly 3 and the atomic 
w-eight 3x4=12. The older results from tlie gravimetric synthesis of 
carbon dioxide were corrected by Scot-t for the expansion of the {lotosh 
solution after absorption of carbon dioxide, w'hich alters the air displace* 
roent. The physical metliod of limiting density (p. 105), gave 12 003 
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(Lediic ; Royloi«U ; CO) ; 1 2 007 (Moles ttjuj Salazar ; CO ) ; and 12 0039 
(Baxime and Perrot ; CH,). Owing to tlio existence of the isotope C = 13» 
the value is probably closer to 12*01 than to 1 2*00, and a value close to 
12 01 was obtaine<l by \Miytlaw-Gtay and Woodheed (1933) from the 
limiting density of carbon monoxide. 

The volumetric composition of carbon dioxide is found, approxi- 
mately, in tlie same apjwratus as was used in the case of sulphur 
dioxide (p. 404). A piece of dry charcoal is burnt in a confine<l volume 
of dry oxygen over mercury. .After cooling, the volume of gas is 
practically unchanged. Tliiw, the number of molecules of carbon 
dioxide produced U equal to the number of molecules of oxygen dis- 
appearing, or one molecule of enrlmn <lic>xide contains one molecule of 
oxygen. The density of carbon dioxide gives a molecular weight 44. 
TWs contains a molecular weight of oxygen. .32. so that the difference, 
12, represents the carbon. A molecular weight of any volatile carbon 
compound never contains a smaller amount of carbon than 12 parts, 
so that 12 is the atomic weight of carbon, and the formula of carbon 
dioxide is COj. 

Carbonic acid.— (’arbon dioxide b fairly «duhle in water, which at 
15® dissolves about its own volume of the gas. Tmler pressures greater 
than 4-5 atm. at the ordinary tem|>cratiire, the solubility inercasesat a 
slower rate than the ))ressure (i-c. accord ing to Henry’s law). On 
lowering the prt'ssure the gas escapes with efferve.scencc, although the 
liquid remains suiM‘rsaluratcd and evolves gas slowly for some time. 
If the liquid b stirred, or if porous soIkIs such as sugar or bread-crumbs 
are thrown Into it, brisk effervescence results. The whole of the carlwn 
dioxide dissolved U expelled on Iwiliiig. AiTated waters (e.g. soda- 
wattr) are chafed with carbon dioxide under pressure : *' sparklets 
are small iron bulbs containing litjuid carlK>n dioxide. The gas b more 
soluble in alcohol than in water. 

The solution of carbon dioxide has a family and taste, ana turns 
Utmus a port wine red colour. K the nmount of dissolv^ gas is in- 
creased by pressure, the litmus turns bright red- On boiling, carbon 
dioxide escapes and the blue n.h.iir is resIntcU. A i.ortion of 
eas seems to be combined with water to form carbonic acid H,CO,, and 
tho solution shows very feeble nekl pro|)erties, about one-fifth the 
BtrenBth of acetic acid (which displaces carbon dioxide from cwbonales). 
Carbonic acid obeys Ostwald’s dilution law. and tlie dissociation con- 
sunts at 25' liave been given as : 

I H ) » [HCO.'l'l total CO,! = 4 S . It)-’ 

From tbeotetiesl eonsHlerationa .arlsaue an. I would bo expected to be 
.ironaer than formic acid, H tt) <)H. sin.s- u.ldili.m of a hydroxyl grrnip. 
formine HO C'OOH. sln.ul.l inen-ase tlu- .wi.l.e properl les. The neutralisa- 
, f^...rl»iiiic acid by alkali, wilti i.lii n..l|ilitlmli-m as indualnr. is not 
•Tn ,~.US m ...nic reaciorvs. so Urn. i. lUa. Ic- .ban 1 ,-ir 

Of tho carbon dioxide » hydmtc<l. The hydrHtiou r^^t.ori : CO, + 
H o Jh,CO,. require# lime. If tl« hydrogen iow in the solution arc 
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referred, not to the totol CO, (ns ebovo) but to the hy<lrale<J part H,CO„ 
carbonic acid ia found to be twice as strong as formic acjd. 

Since it dissociates in two stages^ carbonic acid Is dibasic and forms 
two series of salts : 

1. Acid carbonates, c.j. NaHCO,, CatHCOg),, 

2. Normal carbonates, e-<?. NajCO,, OaCOj. 

The structural formula of the acid is written HO CO OH ; esters 
of 4 hypothetical orthocarbon ic acid, C(OH I,, e.^. ethyl ort hocarbonatc, 
C(OC,Ht)„ are known. A cry.stallliio hydrate CO„OHjO is obtained 
under pressure at low fcmjwraturcs. 

The normal carbonates of alkali metals arc hydrolysed in solution, 
and have an alkaline reaction: NajCOj + H;0 ^ NaOH + NaHCOj. 
A decinormal solution of sodium carbonate is 3d7 |»er cent hydrolysed 
at 25*. 

PercaiboaaUs,— If a saturated «)luti«>ii of |K*tjissmm carbonate is 
electrolysed at - 10* to - 15*, witli a plAtirium enotlo encloswl in a jwrous 
cell, a bluish. white amorphous |)recipitute of poU»ium percarboaats KjCjO* 
deposits at the ano<ie. This may bo wasiwl rapiiily with coUl water, 
alcohol, and ether, and dried over r,0,. Tiie formation of the salt is repre- 
sented as follows : kq CO OK 0 CO OK 

« 2K f I 

KOCO-OK OCOOK 

It is fairly stable at the ordinary lcin|>eratupe when <lr>'. but is decom- 
posed by water with s volution of oxygen. Thestxliuin salt can bo preparotl 
in solution by electrolysis at 0* of a solution of GO pi. of scKlium carbonate 
per litre. The electrolytic percarbonates liberate iodine immediately from 
cold potsseium iodide solution s C,0*" + 21' = 2CO," + 1,. These compounds 
ay a'ptniicarbonQtu derived from a peniimrbonic acid HO CO O-0‘CO*OH. 

Seversl other percarbonates are fonned by chemical processes : (i) tlie 
action of hydrogen peroxide on concentrated solutions of alkali carbonates 
and precipitating the peresfbonate with alcohol j (il) the action of hydrogen 
peroxide on a hydrated alkali peroxide at low temperature, or on an alkali 
ethoxide such os KOC,H|. Compounds so prepared are fi-ptrdicarbonaUa 
such as Na,C,0« and K,CtO,. Isomeric with the conipounds prepared by 
electrolysis but with different properties: and pcrmcnocarbotiate4 derived 
from permcnacarbonie wid HiCO,. Some of tliese liberate iodine and 
oxygen gas from neutral concentrated potassium iodide solution, whilst 
others liberate only o:^gen gas. The ^-perdicarbonatea may be derived 
from ^-perdicarbonic acid HOO'CO O-^-OH. and the permonocarbonatee 
from permonocarbonic acid HO'O’CO’OH. The acids are unknown. 

Some of the permonocarbonatee contain water of crystallisation and 
some contain also hydrogen peroxide of cr>’8ta]]i8ation : 

U,C0„H,0 NsHCO* Na,C0„IJH,0 K,C0,.21H,0 

KHCO, Na,C0„jH,0„H,0 K,C 04 .H, 0 ,.UK ,0 

Cs,C04,H,0,.H,0 

RbHCO, K,C04,2H,0„H,0 
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The percarbonatM have been proposed as bleaching and disinfecting 
agents but they ere not very stable os compared with perborates (p. 658). 

The carbon dioxide cycle. — In very remote geological periods the 
atmosphere of the earth probably very rich in carbon dioxide, 
whilst the primary rocks such as felspar. KjO.AIjOj.CSiOj, consistetl 
almost entirely of bases in combination with silica. At high tempera* 
ttires. silica displaces carbon dioxide from carbonates, forming silicates. 
As the temperature fell, carbon dioxide and water in the atmosplierc 
began to decompose the silicates with the formation of free silica 
(quarts), aluminmm silicates (clay), soluble alkali carbonates, and 
bicarbonates of alkaline earths (e.g. potassium carbonate and calcium 
bicarbonate ) : K , Al jO j.OSiO 1 4 COj 2 H jO = K jCOj *•* A1 jOs ,2SiO ^ , 
2H20*i*4Si0,. The soluble carbonates {t.g. KjCO,) were partly rc* 
taine<l in the soil and were partly waslicd away to the sea. 

Meanwhile the water of the sea had come into equilibrium with the 
atmospheric carbon dioxide and dissolved some of it. The calcium an<l 
magnesium bi carbonates were nse<l by jnarinc organisms, which re* 
Uined the normal carbonates and set free Imlf the carbon dioxide, 
which was again evolve<l to the atmosphere. When the organisms die<l, 
the calcium carbonate skeletoni^ depo.*^ited iei the form of clialk beds 
0 r corn I reefs (a (>rot‘e.4.H st il I goi i »g on ) . prodiic i ng sed i menta ry rocks , In 
this way carbon dioxide was largely r<‘movo<l frotn the ntnio.spliere ar^d 
stored jn the sedimenturv rocks. It is p>limated that .'W,<HK) times as 
much carbon dioxide is contained in rocks as exists free in tlio 

atjnosphere. , j 

The carbon tlioxide in the atmosphere was thus considerably reduced 
and more was taken out by the action of green plants in sunlight. The 
remains of these early plants form coal deposits. 

Photosynthesis.— Green plants c-oiitain the pigment chhrophffU 
associated with protoplasm in tlfcc form corpuscles (ehlorophm 
which are active during the absorption of atmospheric carbon dioxide 

bv plants expaned to light. , , . . * 

* In the leaves of green plants aro special organs throngli winch atmo* 
snheric water vapour, oxvgen, a little nitrogen, and carbon dioxide m 
solution pass into the cell sap. In aquatic plants the gases arc absorbed 
entirely from solution. Carbon dioxide is absorbe^ by all parts of 
the surface of the plant which contain chlorophyll, but mainly by 
the leavM, and it supplies the material from wliieti tl.e ,.lant tissues 
arc built It is converted under the aelioii of liflit into airOohudrale.^, 
such as susars, liaviiig the empirical formula (t'H.O),. 

Bv using an isoto,* of oxygen. ■>0, as « - tracer element it lias 
been shown that the oxygen evolved m photosynthesis comes from 
water, the na.soent hy.lrogen from the water then red.ic.ng carbon 
dioxide to substances from which carlail.^dratcs aro ultimately 

produied. cO, + 4H -CH^O t H,0. 

The first product of photosynthMis is i-robably not formaldehyde, 
H.COH, us was formerly sup|ios<xl. 


xxxiti) PHOTOSYNTHKSIS ^^2^) 

The prodnetion of oxvjsoii by IJk- ay^^ncy of livinjr jjreen plants under 
the influence of liplit was obsencil by Priestley. Ingen-HouBr. and 
Senebier, at tlie close of tljc eighteenth century. 

Watercress, mint, or t lie commit iMmcl weol iClotca Canadensis, is put 
Into a flask fillad with tap water and i)roviaoil willi nn arrangomsnt tor 
collecting gas. On exi>r«urc to bright sunlight if available, otherwise to 
bright daylight, bubbles of giu* are pro*luoo<i on 
the leaves, which rise into the teHi*iiibo (I* Ig. 323). 

These consist largely of oxifgen. The water may 
first be saturated with carbon diosule. 

The influence of light in pn>rnotiiig chotnical 
changes was met with also in the union of liydro* 
gen and chlorine. In some cases the invisible J“i'l 

ultra violet rays of the 8|>ectrum are moat active, 
and tho violet wul of the s|>cctrum is often more 
chemically active than the reil or iniermoiliate 
parU. Nevertheless, tlie name ec/mic roya, for* 
marly given to the violet end ultni*vii»let ^f 

tlie spectrum, is maj>propriate, since uH the rays 323.— Production 

of the spectrum may ^ chemically active in of exygen by green 
different reactions. «» hght. 


The formation of oxygen by llie chlorophyll of 
plants occurs most rapidly in red ami yellow light, which are absorbed 
by tho greon chlorophyll. This port of the spectrum correapomU with 
the position of maximum energy for high sun, or tho wavedength 
006 

Hydrogen sulplucle is moat ra]>id]y 4lecom|>oac<l by red light, ami in 
some coses even infra*r©il my a <so*calle«l ” licnl m>a ”) are mt»t active. 
Light may also rtiard a cliemicrti reaction : e-g. tho oxidation of alkaline 
pyrogallol is retarded by violet liglit, but accelerated by rod light. 


Tlie oxygen also absorboil by the plant from the atmosphere 
furnishes nearly all tl>c energy by which its ordinary life processes 
are carried on, the light energy being concerned only with tho 
photosynthesis. In the dark, only carbon <lioxide is evolved by the 
leaves, but in light oxy*gen is evolv^, althougli the smaller evolution of 
carbon dioxide continues. 

The growth of plants. — ^The food of plants is entirely inorganic. 
Besides gases, plants require mineral matters, which are absor^d in 
solution from the soil by the roots. These include combined nitrogen as 
nitrates, potassium, calcium, maptesium and sodium salts, phosphates, 
chlorides, silica, and sulphur as sulpliates. Normal soil usually contains 
sufficient amounts of these, but potassium salta, nitrates and phosphates 
may have to be added in the form of fertilisers. Potassium salts aro 
added in the form of potassium chloride or sulphate, or the potash min- 
erals of Staasfurt tp. 698). Combined nitrogen is supplied in the form of 
sodium or calcium nitrate, ammonium sulphate or nitrate, or blood, 
guano, or other nitr^nous products, and farmyard manure ; it is in 
all cases converted into nitrates by micro-organisms m the soil before 
assimilation. Phosphates aro supplied as soluble superphosphate of 
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liuK*, brt^lcslag, lK>nc-<.or other phosphates which can be dissolved by 
tlie carbonic acul evolved l»v tlocaying vegetable matter (Awm/ia) in the 
soil. 

Snxull quantities of iron, lithmm. boron, mangancac. etc., also required 
are taken from the soil. Absorption o(H*urs by selective permeation of tJte 
dissolved salts llixough (lie membranes of the rootdmirs, If plants are 
supplied with carbon dioxide, air. and liglit. anil the roots are immersed in 
a solution containing the necessary elements, tliey continue to grow. 
Respiration-— We now consider those processes which tend to in- 
crease atmospheric carbon dioxide. iUrly experimenters such as 
Mayow, Sclicelc, Priestley, and Lavoisier, knew of (he similarity be- 
tween combustion and respiration. Lavoisier pointed out that oxygen 
breathed into the lungs oxidises the carbonaceous materials of the blood, 
producing carbon tlioxide which is breathed out, and that animal beat 
restalts from this chemical process of oxidation. Mayow in 1674 (p. 25) 
had suggested that the process we now* call oxidation occurs in the 
tissues. The blowl absorbs oxygen (w'hich he called the nitro -aerial 
spirit) from the air taken into the lungs in respiration, and the arterial 
blood conveys this to the tissues. The process of oxidation in the 
tissues produces animal heat. 

The blood contains fe<l coqiuscles composed of protoplasm with a 
colouring matter known as fiMmogiobin , containing iron. Haemoglobin 
absorbs oxygen, producing a bright red substance which exists in the 
blood of the arteries, passing from the lungs to the tissues. In the 
tissues the loosely -combined oxygen is absorbetl and oxidation pro- 
cesses occur. These are the source of animal heal and energy, and one 
of the products is carbon dioxide, which remains in solution as carbonic 
acid or bicarbonates. The de-oxygenated blood has now a dark purple 
colour, and part of it losses back to the heart by the veins, to be 
pumiKxl to the lungs for re-aeration. 

The expansion and coitiraciion of tlic lungs, by which req)iration occurs, 
are brought about by lno^•elnenU of the diapliragm and the ribs, both of 
wliicU are co-or<linaicd b>* a nervoxa cenlrc in the lower part of the brain. 
This centre U stimulotwl by carbonic add diseoived m arterial blood 
naosing through it. The reaction of the blood is normally feebly alkolme 
JdH s7‘4). To maintain this corutani williin narrow litmU is the func- 
tion esiwcially of the kidneys. Tlio carbonic acid fonned in tho blood by 
processes of oxidalioii is removed in tlie lunge m the form of carbon dioxide, 
which ia breathed cut in tlic expired air. 

In eonseciuencc of the daylight activities of planU. absorbing carbon 
dioxide from the atmosphere, giving out oxygen, and the reap raUon of 
nlants and animals, absorbing oxygen and givuig out carbon “ 

balance is maintained between the amounU of oxygen and carbon 

‘‘‘AtoosXn™°c«^D “/oxide.-Normal outdoor air conUins about 
1 ^^olume 3 of carbon dioxide per 10,000. The average figures for aw at 
Kew arc 2 43 (minimum) -3*60 (ma.ximum). On Mont Blanc the 
^^es Tre 2 62 at 1080 m., and 2-6«Jat 3030 m. In cri^ded tou^s and 
in rooms not sufficiently ventilated, the carbon dioxide may 
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rise to 0-04-0-3 per cent bv vobime. Tl»c continnwl breath mg of air con- 
UinUteO'2 per cent of CO, i« injurious (Angus Smith). The stuffiness 
of Wly ventilated spaces is cliielly tlic effect of the water vapour from 
the lungs, whicli temls to sat unite tl»e stagnant air and impedes tlic 

evaporation of perspiration. . . 

•Ae total amount of carboi^ dioxide in the atmosphere corresponds 
with about 600,000 million tons of carbon. The sources of atmwpherjc 
carbon dioxide are respiration of animals an<l i»lanU. combustion, 
fermentation, putrefaction, the soil (worms. <le^v, and gas of volcanic 
origin), mineral sf^ings. volcanic activity, and hmc-burning. Atmos- 
pheric carbon dioxide is dinhnishc<l by absorptmii by the sea. pljoto- 
synthesis by green plants, and tlic weathering of silicate rocks (I OJ x 
10» tons of CO, i»cr annum). On the whole, the carbon dioxide m the 
atmosphere seems to be slowly increasing, and xlight changes of climate 
may be due partly to thU cause. 


In the determination of otinoephcric carbon dioxide, a mcewurod volume 
of air may be ilrawu by an aspinitof first through a drying tube containing 
pumice soaked in sulphuric Rciil and then through a weighed tube conUm- 
ing soda-lime. Tliis is fullowttl by a lube of i>umice and sulphuric aei<| to 
absorb moisture gi^'en off m tlie s<MiH*lime tu^, nn«l the lost two lubos are 
weighed together- A more convenient pn^ceas is PstUnkofrt't msthoa. A 
measured volume of staiulenl bnryia water is shaken with a known volume 
of tlie air in a large <8-10 lit.) bottle, and the excess of baryte lilrete<l 
with standard arid and plienolphthalein : Ba(OH>, + C0t» RaCO, + H,0. 
Absorption is more rapid with a hot solution of baryta. 


Carbo?! Moxoxidb 

Lassone (1770) obtained an inflammable gas by healing charcoal mth 
zinc oxide, and Priestley (17£H)) from charcoal and iron -scales (FcjO.). 
Cruickshank (1800) found that the gaa was not hydrogen, but an oxide 
of carbon containing less oxvgen than carbon dioxide, and Clement and 
Desormes showed that it could be formed by passing carbon dioxido 
over red-hot charcoal. Dalton (1808) found that the gas requires 
lialf its volume of oxygen for combustion, and forms its own volume 
of carbon dioxide, so that formula is CO. 

Carbon monoxide occurs in coal gas and in some volcanic gases. It is 
formed in the combustion of charcoal or coke in a limited supply of air ; 
the blue flames seen on the top of a clear Are consist of burning carbon 
monoxide. 

Tlie presence of carbon monoxide in furnace gases is evidence of improper 
air supply, and its estimation in flue gases affords a check on the furnace 
efficiency. Poisoning by the fumes of burning charcoal, described by Hoff- 
mann in 1716, is due to carbon monoxiiie, which is a dangerous poison. It 
is also formed in tlie combustion of petrol in automobile engines, the 
exliQust gases of which are t*ery poisonous. 

The production of carbon monoxide in a fire is usually supposed to 
be due to the reduction of the carbon dioxide, formed the lower 
portions of the glowing fuel and the entering air, by passing through the 
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incandescent mass of carbon: C + 0}*C0j; C0j + C**2C0. The 
monoxide burns on tlic top of the fire, where an excess of air is present. 
Dixon and Baker consider tliat carbon monoxide is a primary product 
in the combustion of carbon : 2C + Oj = 2CO. If carefully dried carbon 
is lieated in oxygen dried by prolonged exposure to phosphorus pent* 
oxide, princijHilly carbon monoxide is formed, according to Baker. 
Wheeler found that both carbon monoxide and carbon dioxide are 
formed. 


The reduction of carbon dioxide by carbon proceeds rather slowly below 
800* , but above 1000* it is fairly rapid. The ecjuilibrium : C + COg ^ SCO, 
13 not usually reached in the combustion of carbon, and the composition of 
the resulting gas is variable. Tlio table contains the eguih’6rium values at 
atmospheric prepare for various lomperalurea. The amount of carbon 
monoxide increases with the temperature. 



Par cent 

per cant 

Temperature 

CO| by voJ. 

CO by vol. 

850* 

6*23 

9377 

900* 

222 

97-78 

950* 

1-32 

98-68 

1000* 

0'69 

99 41 

1050* 

037 

99-03 

1100* 

0-15 

99-85 

1200* 

0-06 

99-94 


The formation of a flame of burning carbon monoxide wlicn a 
diamond bums in air was noticed by Mac(|ucr in 1771 ; large quantities 
of corbon monoxide are formed when a blast of air is forced through a 
layer of incandescent coke. Tlic reverse reaction : 2C0 - COj +C, was 
observed by Deville (1864) ; he found that carbon is deposited on a 
narrow silvered copper tube cooled by a stream of water and placed 
axially in a strongly -heated porcelain tube through which carbon di- 
oxide was passed. 



Fio. 324.— Carbon monoxide from carbon lUoxklc siul carbon. 


P^s a slow 

rr"m llir!«'Xg gM by » tube of «xla.|imc. and tbe cerbon monoxide may 
tliOD be burnt ot a jot. 


PEEPARATION OK CARBON MONOXIDE 029 

alio formed by passing carbon dioxide over zme dust or irw filings 
WtcHo rcd^c^: C^ + Zn-ZnO .CO. f 

alkali-metals, cause the separ^on of free carbon. -Ca + CO,- 

''^PMpMatioD^ot carbon'monoxide.-^Carbon monowde is made on the 
laree scale by passing carbon dioxide over heated carbon ; in the 
laboratory it b more conveniently prepar^ by heating formic acid (or 
sodium formate), oxalic acid^, or poUMium 

oentrated sulphuric acid. These reactions «-ere all discovered by 

Dobeceiner about 1820. r»Ar»u w n a.rn • 

The Bt4 from formic acid la very pure: H‘COOH-H,U , 
a trace of sulphur dioxide formed by redurtion of the 
H,SO.i-CO = CO,-<-SO,-i-H,0. is removed by aching with s^mm 
hydroxide solution. A mixture of M parts of ^osphorus 
and i5 of water may be used with formic acid (Thompson, 1920). 

Concentrated sulphuric acid is lieated to 100* in a flaekr and concentrat^ 
formic acid dropped in from a tap.fuimel. Cold concentratad sulphuric acid 
may also be dropped on dry sodium formsle in a flask. The gas ii\oy be 
dried w ith phoephorus pentoxide and collected over mere iiry . ^otc : « rbon 
monoxide is very poisonous. 

Oxalic acid crystals gently heated with concentrat^ sulphuric acid 
evolve a mixture of equal volumes of carbon monoxide and dioxme : 
(COOH), - CO + CO, + H,0. The carbon dioxide is removed by washing 
with alkali solution. 

Twenty ‘five gm. of cn*stallised oxalic ackl (C,H,0,.2H,0) are covered 
witJi concentrated siilplmric ackl in a flask. On hooting gently, brisk 
evolution of gss occurs. This is passed through a wash-boltle conUmmg 
sodium hydroxide solution, and tl»e carbon monoxide collected over water. 

Potassium ferrocyanidc crystals on heating with ten times the weight 
of concentrated sulphuric acid in a large flask evolve nearly pure 
carbon monoxide (except in the later stoges of the reaction when 
sulphur dioxide is formed), but the reaction is violent i 

K4Fe(CN)^ + CH^SO* 6H,0 

- 2K^* 4 FeSO, + 3 {NH.),S 04 + 6CO. 


The synthesis of formic add is effected by the silent discharge : 
CO + H.O^H CO OH, and sodium formate is produced by passing 
carbon monoxide over soda*lime at 200* : NaOH + CO»H*CO*ONa. 
Carbon monoxide is. therefore, the anhydride of formic acid. The 
anhydride of oxalic add, 0,0,, does not exist but breaks up at once 
into CO + CO,. 

Fioperdes of carbon monoxide. — Carbon monoxide is a colourless 
gas with a peculiar faint smell It is ttry poisonous, 10 ml. per kg. 
weight of an animal produces death, and the i^alation of air containing 
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1 vol. of 00 in 800 vo]:$. ts fatal in hatf an ho\ir. Coal gas (especially 
modern gas, which contains water-gas) owes its poisonous properties 
to carbon monoxide. Carbon monoxide is not poisonous to green plants 
or soil bacteria, wliich oxidise it. 


The poisonous action of carbon monox ido depends on its absorption by 
the haemoglobin of tlie blood to form brig)it're<l carboxyhaemoglobin, which 
is very stable and not clecom|Ksed by oxygen. Poisoning with carbon 
monoxide may be detecte<l by the absorption spectnun of the blood. In 
cases of poisoning artiHcial respiration and administration of oxygen should 
be resorted to at once and prolonged for hour* if necessary, the patient 
being kept warm and ai rest : akoliol may be given if tliere is a tendency to 
fainting. 


Carbon monoxide is liquefied with difficulty ; its critical temperature 
is -138*7^ and the critical pressure 34*0 atm. The liquid boils at 
- ]DT5^ and solidifies at > 200^. The gas is sparingly soluble in water 
but is readily absorbed by a solution of cuprous cfiloridc in liydro* 
chloric acid, a compound being formed wdiich can be obtained in 
while crystals. CuC).C 0 . 2 H 20 . It is ako absorbed by a solution of 
cti)>rous chloride in ammonia, but cuprous chloride in dry alcohol does 
not absorb the gas. It is absorbed by solid cuprous chloride under 
pressure, forming CuChCO. 

The composition of carbon monoxide is determined by pas.smg it over 
heated copper oxide, tlie carbon dioxide formed being absorbed in 
w eiglied potash-bulbs. If the composition of carbon dioxide is assumed 
(see p. 021). that of carbon monoxide may be found. On exploding a 
m oist mixt ure of 2 volu mes of t he gas it h 1 vol u me of oxygen , 2 volu mes 
of carbon dioxide (absorbable by potasli) are formed : 

2C0s. Hence • 1, and the formula is CX). This is confirmed by 
tlic density. 

Many metals form compounds cal]e<l ctftonrh with carbon monoxide 
(see p. 250). Carbon moiioxUlc |)cne( rates lieated iron and may 
esca]>c through the iron flues of stoves huniing with an insufficiont 
supply of air. Carlion monoxide combines directly witli chlorine, 
forming carbonyl chloride (pAo^ne), CWl,. It reduces iodine |>ciit« 
oxide at 90% with liberation of iodine: IjO* + 5 CO-I 3 + 5 CQ 2 , a 
reaction which is used for the estimation of carbon monox l<le. If a gns 
con t ai n i ng on ly 0*05 per cen t of CO is sha ken w it ) i a sol ut 1 on of pa lladous 
chloride, a black precipitate of i)alladiuin is produced. 

Combustion of carbon monoxide.— Carbon monoxide burns in air or 
oxygen with a bright blue flame, forming carbon dioxide- It is a yiower- 
ful rcducinc agent, and when passed over lieated metallic oxides it 
abstracts the oxygon ; PbO + CO = Pb * CO,. Carbon monoxide is the 
active agent in a number of metallurgical processes, e.g. m (lie blast 

Admixture of two volumes of carbon monoxide and one volume of 
oxygen explodes when sparked. H. B. Dixon (1880) found that if the 
gas U carefully dried by phosphorus pentoxide, >t 
in a eudiometer, although combination occurs locally in 
electric sparks. If a trace of moisture, or of any gas which conUins 
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l.ydrogcnanJsoproau<^w»tcroncomb.«tioi.inosygen(CH.Hj?,etc^ 

Glided, tlie mixture can be explode! by a s||ark. M. Trau!« l«8. 

fniind that a burning iet of carbon monoxide, wbicb has been dried with 
[Znhort lintoxidi. is extinguished in a jar of air containing eoneen- 

l^teSsulphl^icacidwhichiias been sunding stoppered forafew hours. 

Cirvan (19031 found that 1 molceuio of w.ater in 24,000 of tl.e gas is sliU 
activ^ The mlximum effect is pro.lueed by 4-5 per cent of "ator va,>our 
Bone and Weston (1926) found that a very dry mixture is exploded by a 
very powerful electric S|uirk. but tius combustion is incomplete. 

Since carbon monoxUle reiiuces steom at high tem(«mtures : CO + H.C) 
-CO. + H,. Dixon supposed that this reaction (irst occurs, and that the 
hytlrogen then combines with the oxygen present to reproduce water. 

2H +0 =2H,0.andsoon. Another theory suggests a reaction involving 

IfomichydrSon: ,a, H.O..CO = OH. CO. i = «• 

In soma cases tho presence of pure water is not sulTlcient to catalyse a 

react ion, but a trace of inipiiriiy » nce<lc«l. 

H B Baker (t002) foumi tliat a mixture of very pure hyiJrogon and 
oxycen from the eleclrolysie of bnrinm hydroxicle aolution, mqI^I up 
in Klaas tube* over puriheU PA* cornbinoU elo^ly after proionged drying 
when the tube m'm heated witii a flame, or if a spiral of ailver wire wm 
heated almost to the melting point in Uiegaa.bui noetptosion oceurr^. 
Tlie water produced by tlie combutation waa, according to a theory pro- 
po«d by H. E. Armstrong (UM), too pure to form an el^tncalJy- 
conducting circuit, which he corwidered ncceMary for chemical ciiange : 


CO 

CO 


0 Hi 
OH, 

Defer* 


O 

6 


CO, H,0 
CO, H,0 


After 


The water normally forms a " closed conducting circuit,’' owing to trace* of 
impuriiy, end the oxygen acta as a depolariser. 

Catalytic effects of moUitiw.— Many cases of the catalytic effect of 
moisture are known. Dry chlorine does not combine with many dry 
meUls, except mercury. Dry carbon monoxide and oxygen do not 
explode on sparking. In the absence of moisture, to the extent pro. 
duced by prolonged drying over phosphorus pentoxide, carbon com. 
bines only slowly with oxygen on healing : ammonium chloride and 
calomel volatilise on heating without dissociation ; ammonia and 
hydrogen chloride do not combine on mixing ; and sulphur and phos- 
pliorus may be distilled unchanged in oxygen. Nitrogen trioxide, after 
prolonged drying in the liquid state over PA* volatilises as N 40 | ; in 
presence of a minute trace of moisture this instantly dissociates into 
NO and NO,. Tlie boiling point of liquid N^O, is also raised from - 2® 
to +43® by drying for tliree years. Calomel c&ied for six months over 
PA MS® will not vaporise at 352®, when its usual vapour pressure is 
347 mm. Nitric oxide and oxygen, hydrogen and chlorine, and am- 
monia and carbon dioxide, do not react when very pure and dry. 
Sodium, potassium, and phosphorus scarcely react with dry oxygen, 
although boron, tellurium, arsenic, and antimony react rea^y 
under the usual conditions. 
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Producer ga$. — The gas obtained by passing air through a bed of 
incandescent coke consists mainly of nitrogen and carbon monoxide; 
it is made for heating purposes and called producer gas {or air-gas). 


The producer consists of a closed fire-grate in which coke rests on bars ; 
it ie often seale<l below by water, and the primary air ts either drawn through 
the fuel with a fan. or f<>rce(t through by pressure, the ash-pit then being 
air-tight. If the gas is biinit without cooling, the total amount of lieat 
evoIve<l is the same as if the carbon were burnt directly to carbon dioxide : 
usually 30 per cent of the heat is lost by tlie producer gas cooling before it 
arrives at the place where it is burnt. Cas*liring is preferred for many pur- 
poses on account of the ease with which it is regulated and its cleanliness. The 
air admitted for the combustion of the imxiurer gas is called ttcondart/ air. 

If coal is used instead of coke, the gas w*ill be mixed with coal gas unless 
the draught through the jiroducer is <lou*n wards, when the coal gas is 
decom]xjscd by the incamlesceiit fuel. Otl^e^wiso tl»e tar must be separated 
from tile gas (*' suction -gas i with down-draught it is absent. 

Water gas. If steam is passed over incandescent coke a mixture of 

carbon monoxide, carbon dioxide, and h^xlrogen, called u-aUr gad, 
is formed: (I) C + H,0 ^CO + H| ; (2) C + 2H30#C0 | The 
carbon monoxide increases as the temperature rises, as is seen from the 
following table, giving the results of Bunte : 


Percentage Composition of gas 


Temp. 

•c. 

of steam 
docom* 
iKMed 


by volume 


CO 


CO 

Ht 

CO 

CO, 


co+co, 

676* 

8*8 

66*2 

49 

29*8 

0*16 

133 

0*141 

75S 

25*3 

65-2 

7*8 

27-0 

029 

8 4 

0*224 

840 

41*0 

61 0 

15-1 

22-9 

0*65 

4't 

0'397 

955 

70*2 

533 

303 

C8 

5*80 

1*35 

0853 

JOlO 

94*0 

48*8 

49*7 

1-5 

33*10 

0*98 

0*972 

J060 

980 

50'7 

48*0 

13 

36*8 

J*05 

0 075 

1125 

994 

509 

485 

0-6 

80*8 

1*05 

0'988 


Average water gas has the following composition by vohune : H„ 4917; 
CO 43 75; CO,, 2*71 ; methane. 0-31 ; N„ 4 00. Its calorific value a 
about 350 B.Th.U. per cu. ft., but as it requirea otily 2*5 vols. of air for 

combustion, it gives a ver>* hot flame. .l u . 

The reactions in the water gas producer obeorb heat, hence the hot coke 
is gradually coole<l by the steam blast and the amount of carbon dioxide in 
the gas increases. When the e<«m b/a,t lios paosctl for a certain tin.e 1 1 
shut off. and an a.V tume<l on until the fuel is again l>eatc<l to bright 
rodness. The gas formed in the air-blow is usually turned to waste, lo 
keep the temi^lure as uniform as possible, the steam blast is 
altematoly upwards and <low^warcU through the producer. I" 

bustion of the carbon with the oxygen of the air being sulhcient 


CARBONYL CHLORIDE «3» 

'‘tt« of «..or .as 

■'Haa nonrmfoo^s fl.^ma'but may be used «i.h 'V^^ach ^ >es for 
iUuminating purposes, since it gives out much heat on combustion. 

R.n/«A ga. is formal by spraying oil into hot rclorU and passing tlie gas 
tbrouffh » condeiwr. $crubW. amJ lime purifier. 

The* compositions of typical spoeimena of i^i woler gas (producer gaal. 
% e 4A4ir&« AM nnibivftift of true water iras : 


CO. 

2S0? 

22*40 

13*20 

39*0 


Hr 

CH,. 

CO,. 

0,. 

N, 

18*73 

0*62 

0*57 


49*01 

7*00 

_ - 

4*90 

0*50 

65*20 

24*80 

2*30 

12*90 

— 

46*80 

51*9 

0-8 

4*2 

— 

2*9 


Dowaon gaa from coal 
„ from coke 
Mond ga» from coal 
Water gaa • • -- 

The calorific value of prwluw and eemi-water gee ia low, being ueually 
about 125 B.Th.U. per cu. ft., me compared with about 000 for good coal gaa 
and 350 for water gae. 

Carbonyl chloride.-Whcn a mixture of equal volumes of carbon 
monoxide and chlorine is exposed to bright sunlight, or ®'’" 

active charcoal, combination occurs to form carbon^ chloride or 
pAosasne, COCl, (Greek, phot, light, and gtnnoo. I produce]. This 
refund, discovered bv John Davy in 1811. is a colourlcM gas with 

a penetrating and suffocating odour, and very .^Vo^Tk 

liquefied by cooling, forming a colourless mobile hquid. b. pt. 8-2 . The 
gu does n^ fume in moist air, but U readily hydrolysed by water. 

.. C0/°**+2HCL-C0, + H,0 + 2Ha 
Cl H OH ^OH 


CO^ 


Phosgene is the chloride of carbonic acid. tM.cn the gae ■ pae^ mto a 
solution of ammonia in tolucna, uma b formal : COCl, + 4NH,- COlNH,!, 
+ 2NH ,a - This is the d iamide of carbonic acid . Doth ure* and ammoni um 
chloride am precipitated, but may be separatod by warming with alcohol, 
in which urea is soluble. The alcoholic solution deposiu crysUls of urea on 
evaporation and cooling. 

The monoamide of carbonic acid. HO-CO*NH,. is called carbamic acid, 
lu ammonium salt NH 40 *CO*KH, is contained, with ammonium bicar- 
bonate NH,HCO„ in comxnorcial ’* carbonate of ammonia." 

Carbonyl bromide CODr,e is slowly formed from carbon monoxide and 
bromine vapour, but U best prepared by dropping concentrated sulphuric 
acid into carbon tetrabromide at 160*: CBr, + H,SO**COBf, + SO,+ 
2HBr. Csrboayl fiuoridc COF, (m. pt. - 114% b. pt. - 83% is formed by 
burning fluorine in carbon monoxide. 
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Carbonyl sulphide. — Carbonyl sulphide or ccrhon oxysvlphide GOS» 
discovered by Than in lSfi7, U formed when carbon monoxide and 
sulphur vapour are passed through a heated tube : CO +S ss^COS, or 
when sulphur dioxide is passed over red-hot charcoal: 3C + 2 S 05 - 
2COS H-COg. It is pre|«ircd by the action of diluted sulplmrie acid (5 
vols. of HgSOj to 4 v(^s. of water) on ammonium thiocyanate NH|CNS 
at 20®. The ua^tablc thiocyanic acid first formed is hydrolysed : 
HCNS + H,0 -COS 4 XH,. 

The gas contains hydrocyanic acid HCX and carbon disulphide. Tike 
first is removed by passing through very concentrated potassium hydroxide 
solution, the latter by passing through concentrated sulphuric acid followed 
by a luixturo of iritnelhyl j>ho8|>liine P(CH,)a, pyridine, end nitrobensene. 
Pure carbonyl sulphide is funned by decomposing potaaaium ethyl thio- 
carbonate {Bender’* eaUi with dilute hydrochloric acid: C|H|OCSOK + 
HCl s COS + KCn + C,H,OH. 


Carbonyl sulplii<le is a colourless odourless gas, moderately soluble 
in water, readily soluble in toluene. It liquefies at 0® under 12*5 atm. 
pressure, b- pt.* -50*2“, m. pt- -I38-2®. It is very inflammable, a 
glowing chip causing ignition, and burns willi a blue sliglitly luminous 
flame- When mixed with oxygen it explodes feebly witli a spark, but 
not always after drying with phosphorus pentoxide : 2C0b + 304- 
2CO, + 2SO,. A healed platinum spiral decomposes the cm 
change of volume into sulphur and carbon monoxide : COS ■CO + b 
(wlid)-, the reaction 2COS-CS,-fCO, also occurs. The molecule 
QbC— S is linear. 


The solution of carbonyl sulpbi<lo is slowly hydrolysed : COS + H,0 ^ 
CO. 4 H>S. The mineral waters of Harkiny and ParAd in 
to contain carbonyl sulfibide. Carbonyl sulphide is absoTbecI by dUuU 
anueous or alcoholic potiuJi with the formation of a mixture of sulphide and 
carbonate : COS 4 4KOH - K,<.*0> t + 2H|0- 

Formic acid.— At 120® under 3 to 4 atm. pressure carbon monoxide 
ie rapidly and completely airbed by a concentrat^ moZ 

hydroxide, sodium being produced; ^aOH + CO-H COONa. 

From this anhydrous formic acid H-COOH is obtained cheaply and 
in quantity. Thirty-fiye parts of concentrated sulptiuric acid arc run 
into 200 parts of concentrated formic acid, with shaking- To tl^ 
mixture SO parts of sodium formate and 50 parts of conrentrated 
sulpliuric acid arc added alternately and the liquids dist'lled. 

Formic acid is a colourless liquid with a pungent odour, density 1 220, 

1. nt lOO'O’ m pt S-43’- It acts violently an the skin, raising blisters. 

Thracid is contained in red ants (FormiW and was first obtained 
from them by distillation by Samuel Fisher, whose resulte were piib- 

“"FS^Ttwerful reducing agent*. Mercuric oxide dissolves 
inSc forZe ieiU as mercuric formate. This is soon 
« white nrccipitate of mercurous formate, and finally to grey metal c 
xlie Sc acid is oxidised to carbon dioxide. In presence 
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If » mixture of KKlium formate will. one.t«..ticth of iu ^ 

, , , * . i>^/k* livclromn is ®v^)lvwl ftnd sodjuiii 

KKinimhyaroxulois hwt^l * H ^ free 

ottlste remains : 2HC0,N®*KX),Na), + n, 


zirAu 

ch'coochT? I"«” ■■'“ pA-pi'™ A* 

s~r™sss:vsra^=-.= 

insoluble in water, ami tl«> 6“ d«on.pom rapuily on 

will. phospLoru* ,««t..xide. Carbon subox.de dissolve, m water fo^ 
a solution of n.alm.ic aci.l. of whicl. it is «b* second 7''>';‘"'l*- 
by tl.e removal of luo molecules of water from 

formula is 0:C;C:C:O and tl.e molecule is linear. Tl.e gas a rood.ly soluble 
in benzene and xyieno. 

Carbon aUulpWds. Sulphur rapour when pass(^ over roa-h^ 
carbon nroducci carbon disulphide CS,. a volatile liquid, wact^ 
from solid sulphur and carbon is endothermic . C + -'S^i U h. 
cal., but the reaction with sulphur vapour is exothemne. Carbon 
dUulpliide was discovered by l^m* 
padius {lim by heating pjTites 
U'ith cliarcoal. 

A vertical ctwl-iron or fireclay retort 
<Fig. 325) set in a furnace, is lilleil 
with charcoob Sulphur is fed in 
through a tube, being kept fused by 
the waste heat. The sulphur volati. 
hsess and the vapour passes over the 
charcool at 600*-900% forming car- 
bon disulphide. The vapour passes 
through a small iron cylinder, where 
sulphur is deposited, and the carbon 
disulphide is condensed in a %*ery long Fio. SSS.—Carbon disulphide retort, 
worm-tube cooled by water. 

In Taylof‘8 electrical process (1699), used in America, a tower is packed 
with charcoal or coke. Below is a furnace with four carbon electrodes. 


MS 
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between al(crn(kt^ (lairs of wliicii an arc U struck. The sulphur in the ]o^^*e^ 
part uf the furnace melts nml eva|»irulcs» ll»c vujwuir passing through the 
heatotl coke above the arc. aik<i f(>nmns carbon ili'tuljHmle. 

Carbon tlisulphiiie U purifietl l)y <Hsfillatuin over lead acetate, or by 
Agitation tvith mercury until it no longer blackens it. after which it h 
redistilled over white uax and then over piiosphorus ]>eul oxide. 

On the stiuill scale. earlKHi di'Ciilphide can }tc pre[)Dre<l as follows. A 
com bast ion tube is packed with re<>en(ly igiiitcii eluirroal. and the lower end 
13 coimcctrsl with bulb tulies s«irr<tnn<le<l by ii^ (Fig. 32h). The tube U 



Ktu. Fre|>ertli9n of carbon Uisulphjde. 


licttted to reckless ami bits of sulphur ore intriHUicftl into the upjwr end, 
which is c<irkc<l. The aulphur va|K»ur [mmo* over the hot cliorcool, and 
carbon disulf)hi<le collecu in ll»e IhiIIm. 

Carbon disnlpliwle is a rolourlos mobile strongly refracting liquid, 
w hich boil« at Mr'iy. solidifies at - 110'. and remclts at - 112 8®. 
density at 0* is I •2023. It is almoH insoluble in water: lOO ml. of 
Witter 'dissolve 0-2il4 gm. of CS, at 0% <M7ft at 20^ and 0*014 at 49'. 
Carbon disul)»hide mixes with al»soliite alcohol, ether, and oils. It 
dis«>lvc8 .<ulnhiir, while ph^»>phw*s. iudiarulilKT, eamphor, resms, 
etc . and i.s used as a M»lvenl. hut it is mostly used to make vi.vc^ 
(artificial silk) by the xanthate procx*ss. Cnrlwn disulphide reacJilv 
volatilises. Its vajMiur has usually an cxeetMlingly unpleasant smell 
w hicli w removiHl l>v careful piiritication. w hen the liquid smells ol 
chloroform, but the smell soon l>ecomes unplea)^^!! again. It w 
poisonou> and b used to kill moths in furs ami raU and mice W gram 
elevator*. The va,K.ur l.a* a rela.ivdy lo'v iV-ntio-. 
te.st.tul>c filled with hot oil held over the li.iui.t in a di*h seU ^ 

vanour The vaiK.iir inixol with air..r oxyaen explodes 

.g.hide ^ 
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disulphide eontaining a little iodine, carbon tetrachloride CCl* la 
■ CSj + aClt-CCI* (b. pt. 77*) + SjClj (b. pt. 138*). 


Both products are useful and are separated by fractional distillation. 
Carbon tetrachloride is used as a grease solrent, and under the name ot 
Pyrtne for extinguishing fires (n<rf wdium /). 

A mixture of carbon disulphide vapour and hydi^cn when passed 
over heated nickel at 450® tnelds hydrogen sulphide : 


CS, + 2Hj-C^2H^- 

This reaction is used in determining the amount of CS, in coal gas : 
the HjS is estimated by passing the gas through a solution of lead 
nitrate in sugar syrup, and matching the brown tint of the PbS u'ith 
standards. 


Carbon disulphide reacU with a solution of triethyl phospliine 
in ether, forming a rod crystalline compound 

When carbon disulphide vapour is |>ftssetl over retl-hot copper, enrbon is 
deposited and copper sulphide formed ; CS, + 4Cu *0 ♦ 2Cu^. Li this way 
the composition was first determined by Vauquelin. A mixture of the 
vapour with steam or hydrogen sulphide when passed over rethhot copjier 
gives methane : 

CS, + 2H,0 ♦ 6Cu =» CH4 + 2Cu,S + 2CuO. 

C8, + 2H,S 4- 8Cu =*CH4 + 4Cu,S. 

From methane, organic subsunces such as alcohol and acetic acid may 
be obtained, so that tlieso reactions allow of their synthesis (l3onhelul. 
1850-8). 

Carton aatsolpbide, C9S4, corresponding with the siiboxide 0,0,. was 
discovered by Lengjel (1603). It is formed by striking an arc under 
carbon disulphide, the cathode being of carbon, and the anode zinc, or 
antimony containing 7 ]>or cent of carbon: 3C^i + 4ZnBC9S|*h 4Zn8. 
Tlie liquid is distill^ fn vacuo and the vapour condensed at - 40®. A 
yeiloa'ish'red solid is formed, m. pt. - 0*5*. It has tho composition C4S1. 
and the structural formula is probsbiy S:C:C:C:S» similar to that of C4O1. 
The vapour has on offensive i^our. and produces a copious flow of tears. 
A bromide CsSaDri. formed directly, has a not unploasant aromatic smell. 
Carbon moaosulpbido CS is said to be contained in a pobTnerUed form in the 
brown powder formed when carbon distilphide is exposed to light, and 
gaseous carbon monosulphide and ozone are formed in tlie slow combustion 
of carbon disulphide \*apour. 

Tbiocarboa;! chloride is formed when a mixtxire of phosphorus 

pentachloride and carbon disulphide is heated in a sealed tube at 100* : 
PCI4 4 CSi^FSCI, 4 CSCI3. It is beat prepared by first making tUocsrboa;! 
percbloridi CSC1« by passing dry chlorine into carbon disulphide containing 
a little iodine at 20*-25* : 2CS| 4 5Clts 2CSCI4 + S,Cls> hydrolysing the 
sulphur chloride with hot water, and rc<lucmg tlie thiocorbonyl porchloride 
wiUi tui and hydrochloric acid. It is a liquid, boiling at 73*5* with sliglit 
decomposition, has a very offensive odour, and is slowly hydrolysed by 
water. 
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C&fboa su]phoseUiud« QSSt, and sulpho4«Uurid« CSTe, are formed by striking 
an ore under carbon disulphide between a {^phite cathode and an anode 
of graphite and selenium, or tellurium, respectively. Tliey are yellow and 
red Ucjui<ls, reapectivciy. 

Thioctfbooic acid. — Carbon disulphide when shaken with a con* 
cent rated sodium hydroxide solution slowly dissolves, forming sodium 
carbonate and tbiocarbooate Na^CS). which may be regarded 

as the carbonate in which oxygen is replaced by sulphur (Berzelius, 

1S26) : 3 CS^ ^ CN’aOH =2X»,CS, + Na.COj + 3H,0. 

With a solution of sodium sulphide reaction is more rapid, and sodium 
thiocarbonate alone is formed : Xa^S (3Sj •NajCSj. The pure salt is 
obtained by adding CS, to an alcoholic solution of XaHS. On adding 
ether, pinicish.yelJow crystals NajCS^.H^O, of tlie thiocarbonate 
se]>arate- A <lccp red solution and yellow cr>'staU of ammonium tluo* 
carbonate (NHiljCS,. are formed when carbon disulphide and concen- 
trated ammonia are allowed to stand together for a few days. 

Free thiocarbomc add HiCS, is obtained as a bright red licjuid b;' <lmp* 
ping crystals of (KH,),C*Sj Into a large excess of concent ra tail hydrochloric 
acid Ammonium perthiotvboDate (KH^hC'S* is obtained together with 
the thiocarbonate by refluxing solution with carbon disulphide; 

ijrolonged action givee orange-yellow crystals of but luromplele 

action gives vellow crystals of which ere washetl with carbun 

disulphide nn<l ether- On adding this sail to 9H i>er cent f<*rfmc acid, 
pertluocarbwuc scid not <iuite pure, is fonnetl. With hydwhloric 

acid only H|CSj an<l sulplmr are formed. (Mills nntl Robinson, 1928). 

Thiocarbonates arc used in dcstmyijig Pktflhxtra, a kind of aphid 
infesting vines- Carbon disulphUlc U a poison for tins mscct but w too 
volatile to use directly : if the plants are sprayed with a solution ot 
sodium thiocarbonate. this is slowly drconii>o«d by atmospheric 
carbonic acid, with liberation of carbon disulphide. 

Thiocarbonates give a brown precipitate of CuCS, with copper salts ; a 
red iirccipitate of PbC'S, with lead salts; and a >'eIlow piwip*tnte of 
Afllcs, with dilute silver nitrate. Tlwsc rtpi<lly become black fretn forma- 
tion «f flulnhides. Ferric salts cive o rc<l rdour- 

tf carbon <li8ulphide is dissolved in alcoholic potash, poUsswm ssfitbsU 
vs rs or H by .c.i.U witl. l.bc«..,on of 

"a .loohol ; thi, .h.t the ....y. ro.I.c.l » 

attavhe<l to oxygen and not to siilj>hur. 

Cvaaogen discovered bv Gay-Lussac (1815), is cvolvcl o*' 

mercuric cyamde Hp(C )j. A licavv brown non- volatile 

glass orstee " 

powder protluccd at tne uxi ' ,i««nn.i»ose 3 «lowlv into evano* 

SrE mSS fhc cyanide : Hg(CN). . HgCl. Hg.Cl, - C,N.. 
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HMt » little mereuric cveni.ie in n herd Rlass tube fitted with e rubber 
stopper end brass jot. Ignite tl«> pas at the jet i it bums with a charac- 
teristic peach-blossom coloure.1 fiamc. K.B.-Cyaaosm .e «ri, pouonou,. 

An economical mctliod of prcpar.atiog of cyanogen (wltieh is not pure, 
but contains some carbon dioxide and hydrocyanic acid) is to drop 
con«nlrate<l potassium evanUie solution mto a warm solution ot - 
parU of crystallised copjicr supliatc in 4 parts of water. Cupnc 
cyanide CidCN),. first formed as a yellow precipitate, quickly de- 
composes into cyanc^n gas and wliite cu|tfous cyanide : 

CuSO. + 2KCX - Cu(CN)* + KjSO*. 

2Cu(C.N )j - 2CuCN + CjN,. 

If the cuprous cAnidc is warmed with ferric chloride solution, the rest 
of the cyanogen U evolved : 

2CuCN + 2FeCl, • 2CuCl + 2FcCl, + C,N,. 


Cyanides arc formed by the action of nitrogen on carbides at high 
temperatures : if nitrogen is passed over barium carbide, or an intimate 
mixture of barium oxide and carbon, at a red heat, barium cyanide is 
produced : BaO 4- 3C + N, - Ba(CN). + CO. SmaU amounts of cyanogen 
are present in blast-furnace gas. 

Cyanogen is a colourless gas, soluble in 4 vols- of water, ana must be 
collected over mercury. It has a smell of bitter almonds and is very 
poisonous, \^’hcn cooled it condenses to a colourless liquid, boiling at 
- 20'7*, which freezes below -35® to a white solid, melting at - 27 32*. 
The density of the gas sliows that it has the formula CjNj. It is an 
endothermic compound : 2C (graphite) +N\»C,N, -70 k. cal. 

Cyanogen is absorbed by |>otassiuni h;^roxide solution to form 
potassium cyanide KCN and jiotassium cyanate KCNO : 

CjN, + 2K0H - KCN +KCNO + H,0. 


With water at 0* the reaction C^N^ + HjO -HCN +HCNO occurs. 
These reactions are like t hose witli chlorine. All compounds of cyanogen 
contain tlic univalent cyanogen group or radical CN, and the latter is 
sometimes written Cy, since it beliavcs to some degree as an clement. 
In solutions of C3'anides the csrswds ion CN' is formed : KCN n K* + CN'. 


A solution of cyanogen in water decomposes on standing, depositing a 
b^o^^7> precipitate : the solution then contains ammonium oxalate, hydro* 
cyanic acid (HCN). urea, carbon dioxide, etc. 


A mixture of equal volumes of cyanogen and oxygen explodes on 
ignition or with an electric spark, even when carefully dried with phos* 
phorus pent oxide, forming carbon monoxide and nitrogen : C^Ns •k 0^ « 
2CO + N| ; with double the volume of ox^'gen, tlie monoxide is burnt 
to carbon dioxide. In the last case, 1 vol. of c^'anogen gives 2 vols. of 
carbon dioxide (absorbed by alkali) and 1 vol. of nitrogen. This shows 
that I molecule of c^'anogen contains two atoms of carbon and 1 
molecule or 2 atoms of nitrogen, and the formula is CsN|. 

The formula of ej'anogcn may bo ^Titten as N • C C • N, which agrees 
with its reduction to ethylencdiamine, HjN-CHj'CHj'NHj- 
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Hydjocyanic acid.— When potassium cyanide is distilled with a 
nnxturc of equal volumes of sulphuric acid and water, the vapour of 
hydrocyanic acid HCN is evolved ; 


KCX + * KHSO4 + HCN. 

(W’itfi coMenlnfetf sulphuric acid, carbon nionoxidc is formed in large 
quantities: HCN -f ;>H,0 -HCOOH *CO -hNH,.) The 
gas is dried by a U tube of calcium chloride and passed into a 
^^ccorKl U-tube cooled in ice. A colourless liquid, boiling at 25* and 
freezing at - I5^ collects. This is anhydrous hydrocyanic acid. The 
anhy<lrous acid is l>cst made by passing pure hydrogen sulphide slowly 
over dry mercuric cyanide heated to 30® in a long glass tul)e, and con- 
rlcnsing the liquid in a freezing mixture : HglCN), + H|S - Hg»S + 2HCN. 
Hy<irocyAnic acid is formed when acetylene is sparkra with nitrogen : 
C2HJ + Nj-^HCN : when a mixture of nitrogen, methane, and 
hydrogen i.s passed through a carbon are ; 2CH4 + N3 b 2 HCN -kSH, ; 
and, according to Scheele, when ammonia gas is passed over strongly 
heated charcoal. 

H,\*drocyanic acid vapour burns with a purple dame in air, and a 
mixture with oxygen explofles when SMrked : 4HCN 
4 CO) 2H)0. Its composition may be found in tfiis way. 

Anfiydrous hydrocyanic acid is a really dangerous poison ; its pro > 
]>aration should be undertaken only by an expert chemist. A dilute 
solution may be prepared by distilling potassium ferrocyanide with 
dilute sulphuric acid (I acid -f 2 water) : 

2K.jFe(CN),+3H)SO, - K,Fe Fe(CN))l + 3K)804 + OHCN. 

The 2^ per cent solution is use<i as a constituent of remedies for 
bronchial catarrh, etc., and is called prussic acid. In this concentra- 
tion it is also very fK>l$onous. 


The .smell of bniUe<l fruit kernels. Inure! leaves and moist hittor almonds 
is <lue t<» hy<lrt)ryanic acid, and it is a curio«is fact that Scheele. the dis- 
coverer of hydrocyanic acid < I ''*31, did not know of its |>uisor»oiis properties : 
these were h«t suap©ctc<i from its formation fr»»m llie [xjisonoiis bitter 
altruiiKls by il let illation with water. Ammonia, or chlorine water, is tised os 
an antidote, although larger d<»ses are almost inaUntaneously fatal. The 
bsHt antidote is said to be ferrous h>*dn»xi«le, obuiiic<l by a<lduig P5 gm. 
of BOilium hydroxide in 300 ml. of water and 2 gm. of magnesia to 7 6 gtn. 
of ferrous sulphate er>*stals in 300 ml- of water. 


Hydrocyanic acid is a very weak monobasic acid : its salts with 
alkali metals, the evanWes, are hydrolysed in solution, which has nn 
alkaline reaction and a .smell of |)each- kernels owing to the (irescncc of 

the free acid : (*N' + HjO ^ HCN + OH i> « . v . r 

Although organic derivatives with structures <»f 

R_fe.N' (cv»nic]es). and R ? N : ; : C ; or R-N^ (isooyamdcs) 
uro isonuTic,’ the cyanide ion from the t»-o coTTcsjionding acids is 
identical, (: N : : : C 

CvanoBca Chloride.-If chlorine « |»«e.i uito a.|>.eoiB hydrocyanic arid 
cyanogen cldoride t'N<1 is formcl. and ...ay be con.lensod in a freering 
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mixture to a colourless mobile b. pt. 12 7® ( Iterlhollet, 1/87). Tho 

liquid if slightly aciclitiwl. mpidly ijolymensos to white solid cyaawie 
chlorW* (CNCI)j. Cyanogen chlori<l« reacts with alkalis forming a chlori<le 
and a cyanete : CN Cl + 2KOH » Ktl + KCNO + K,0. With ammonia it 
forms cyananude CN'NHj. 

Cyanogen chloride is best >)repored by acting on sodium cyanide, a little 
water, and carbon tetrachloride, wiili chlorine gas and <lislilling. It is uso<J 
in piece of hydrocyanic aci<l for fumigation, since it is a lachrymatory gas 
and is easily detected. 

Bromine reacts with hydrocyanic acid or |X)ta89ium cyanide to form 
white crystalline cyanogen broeaide C'N Br: iodine roacU with potassium 
cyanide to form white ncadlos of eyaa<^ea iodide CN*1. The latter may 
occur as an impurity in crude iodine. All the halogen compounds of 
cyanogen are very poisoncKis. 

Tests for cyanides.—l 1) A sohitlon of a cyanide gives with silver nitrate 
a white curdy precipitate of silver cyanide AgC'N. soluble in boiling con* 
can t rated ni trie acid . < 2 ) To t he solut ion of the cyanide sodi urn hydrox ids 
is adde<l, ami a few <lro)>s of a mixed solution of ferrous sulphate and ferric 
chloride: on warming a ferrocyaoide is produced: (el FeS 04 + 2 KCNs 
KiSO. + FelCN), ; 16) 4KCN + Fe(CN),» K,Ke(CN),. The dirty-brown 
precipitete is warmed with concentrated hyclrochloric acid, which dissolves 
the ferric hydroxide present and leaves dark blue Pnissias blue, forme«i by 
tlte action of the fsrrocy snide on tlie ferric salt. If only traces of cyanides 
are present, a blue or green coloration appears. This test will detect 1 part 
of HCK in 60,000 parts of water. (3) The solution is e vapors te<l to drymesa 
on a water* bath with yoUoa* ammonium sulphkJe. w’ben s tUeeyaaatt. 
KCNS, is formeil: KCNs KCN $4 (NH «),8 (volatile). The 

resiilue is dissolved in water and ferric chloride solution a<ldod : a blood* 
red coloration of ferric tlnucyanate Fe(CN$)) is formed. 

Cyanatas.— Fused potassium and sodium cyanides arc powerful 
reduciMg aQint4 : metallic oxides arc converted into the meUls and a 
cyanate is formed : KCN *•* PbO * KCNO *»• Pb. The cyanate may be 
extracted with water. Wlien the solution is acidified, cyaoio sold HCNO 
is formed but is almost completely decomposed w'ith formation of 
ammonia and evolution of carl^n dioxide : HCNO 4 H^O NH, 4 00^. 
Pure cyanic acid is a colourless liquid obtained by heating crystalline 
cysoark acid (CKOH),, obtained by dtstilUng urea. 

Aaunoaium eyaaatc NH 4 CNO. obtained in solution by mixing concen* 
trated solutions of potassium cyanate and ammonium chloride, is readily 
converted on heating into the isomeric urea : NH 4 CNO = CO(KH,) 4 . This 
reaction was disco vere<l by Wohler in 1828. Previously urea had been 
obtained by John Davy in 1811. from phosgene and ammonia, but he was 
not aware of the nature of the products of tlie reaction. 

FlAU£ 

A dame is a zone in which chemical reaction between gases is 
occurring, accompanied by the evolution of heat and light : briefly, it Is 
composed of gbwing gas ( Van Helmont, 1 W8). Transparent gae^ 'such 



64S 


IX0RGAi4IC CHEMISTRY 



Fjo. 7.— Experiment 
to demonitrete that a 
/lame is hollov. 


(CBAf 

fts nitrogen or oxygen do not gtow when heated in tubes to a high tem- 
perature, nor do burning solids emit flame unless a vapour is formed. 
Iron burns in oxygen without flame ; carbon burns in air at low tem- 
peratures without flame, but at high temi^ratures, when carbon 

monoxide is formed, this gas bums with a flame. 
A flame of pure hydrogen burning in dust-free 
air does not emit a visible Light. 

Flame is produced in chemical reactions only 
when much energy is liberated, although chemu 
lumineaeeflce, which may be regarded as a cold 
flame, can occur at fairly low temperatures. 
The glow of |)bosphoms is an exantple. If ether 
U dru|)|)ed on a hot iron plate, so that ignition 
docs not result, a greenish phosphorescent flame 
is seen in a dark room. 

Tl)irty ml. of 30 per coot hydrogen peroxide are 
added in a dark room to a mixture of 10 ml. of 10 
per cent p)*rogallol solution. 20 ml. of saturated 
potassium carlnjnato solutioiT, and 10 ml. of commercial forroaldehyde. 
An orange-re<l glow, accomponiod by a vigorous reaction, is seen. Light 
of the wave-length omitted is found to accelorato tlio reaction, which 
involve* the oxidation of tlio pyrogallol. 

Unless the combustible gas and the supporter of combustion an 
mixed before kindling the flame, the latter is koilow and occupies only 
the surface of contact of the two gases. 

Depress a piece of new asbeetoe paper on a Bunsen flame : a <iork ring is 

formed by thesection of the flame. This may be seen also if a piece of ordin- 
ary paper is lowere<l on to tlie flame. , . 

Thrust a tnatch-Iiead qukkly inside a Bunsen flame ; or support tite 
match, head upwards, in the meUl tube by a pin stuck through it, and then 
kimllo the flame- The m»tch-head do«* not ignite for some tune. 

8 1 retch a piece o f line « i» gau x© over a funnel , s ml 
place a finall heap of gunpowder in the centre of it 
(Fir. 327). Vom a rapid stream of coal gas through 
the funnel. ah<l ignite the gas from above. The pow- 
dcr fcmains in the centre of the flame without ex. 
plmion. If the flame is slowly turned down. (l»o 

gunpowder ignites. 

Insert one end of a gla« tube into the mid.Ue of 
a Bunsen flame- Unbumt gas passes up the tube, 
ond may be kindled at the up[ier end. 

Tlie terms combmliMt and tupportir of eombm- 
lion arc relative, and de|K-nd on wluch gas is 
inside and which ouUidc the flame. 

A lamp chimney « i«h a bras* or tinplate top (Fig. 

328, is mo. -d,“.t':X time air is draa. m 



Fio. 328-— Air burning 
tn ccsl gas. 
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into the chimney, the air ignites and hums m the coal gas with a b ue 
luminous aame. A taper down to the aieflame cannot bo kindled, 

since it is aurroundetl by an atmosphere of coal gas, but a jet of mr may 

be ignite<l. , . 

If the supply of cool gas is rwUiood. the\ip|>er flame shrinks and becomes 
less luminous, whilst the lower ftamo increases in size, since the oxygon has 
now less coal gas available, and the combustion ext4md8 over a larger 8|>ace. 

Arrange a glass cylinder with two tubes as shomi in Fig. 329. Peas coal 
gas through A. and kin.Ue a large flame at the top. Push 5 to the upper 
part of this flame and |iass In a slow stream of 
oxygon. Lower D, when a flame of oxygen will 
be seen burning inside the first flame, the 
oxygen reacting with the unbunit gas in the 
centre of the hollow flame. By lowering B fur- 
ther the oxygen flame bums in I he coal gas in 
the cylinder. 

An accurate account of the structure of flame 
was given by Hooke (Lmnpos. 1677). He 
speaks of that transient aUining body which 
call flame as ' nothing but the parU of 
the oyl rarified and raised by lieet into t1» form 
of a vapour or smoak. the free air that encom* 
passeth this vapour keepeth it into a rylimlrical 
form, and by its dissolving proi>erty preyelh 
upon those parts of it that are ouCwar«ls . . . 
producing the light which we observe ; but 
tliose parts which rise from the wick which are 
in the middle are not Iximoii to sliining flame 
till they rise towards tlia top of the cone, 
where the free air can reach and so dissolve 
them. With tlie help of a inece of glass (pressed 329 .— Oxygon burning 

upon the flame] anyone will plainly perceive inside a cod gas flame, 
that all the middle of the cone of flame neitlier 

shines nor bums, but only ll»e outer superflee* thereof that is contiguous 



to the free and unsatiated air." 


This description refers to a candle or oil -lamp flame. The candle and 
lamp consist of a cotton wick, surrounded by combustible roaterial. 
The liquid oil or melted w*ax rises in the wick by capillary attraction. 
The top of the wick becomes incandescent, and the fuel decomposes, the 
combustible gas formed bunting with a flame. 

Attempt to kindle a piece of lump sugar by a taper : the sugar melts but 
will not take Are. Now rub a comer of the sugar with a small quantity of 
cigarette ash : the sugar can then re6<Uly be lighted at that point and biuns 
with a flame. 

The wick of the modem candle Is plaited so that it bends over and is con- 
tinuously consumed in the outer part of the flame. The wick presents the 
combustible material to the heated zone owing to its capillary atructuie, 
and it prevents too rapid conduction of heat from tbs heated point. 
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Fio, 330.— H.vtJroiw'»» or 

cuflion inonvM«ic (lame 
{tno 


Kio. 331.— CorboA di< 
«ul]>hiO^. cyniKi^n. or 
unsnonia flamr (threo 
ron««). 


(CRA^ 

The structure of flame. — A kt/droftH or carbon monoiuUfiamt burning 
in air or oxygen consisU <Fig. 330) of /ut) cones, sn inner A of unbumt 

gas and an outer in 
which the single chemi- 
cal reaction 2H| + 02« 
2Hj0or2CX) + 0,-2C04 
occurs- Thajfamt of am- 
monia in oxygen consists 
of thru coties, an inner A 
(Pig. 331 ) of unburnt gas, 
surmounted by a yellow 
cone B, in which decom- 
position of ammonia is 
taking place: 2KH3*Ns 
4 3H{, and an outer pale 
greenish' yellow* cone C. 
in « Inch the hydrogen burns. The nitrogen largely escapes combustion. 
A flame of hyilrorjcn nulphide, cigi«offc«, or carbon disulphide vapour in 
oxvgcci or air is similar : with evanogen the cone f is pink and corres* 
ponds with the reaction : C,N, +-0,-2C0 + N„ whilst the cone C is 
greenish and reprcscnU complete combustion of the carbon monoxide, 

B: 2HJS + 0.-2H,0-^2S; 2CS, + O3-2CO +4S. 

C : S + Ot-SO, ; 2C0 + 4S‘»'50,-4S0j -•2CO|. 

HydrocafboD flaaei contain four regions first defined by Berzelius 
( lb’*2l The flame of a candle or of coal gas (Fig. 332) consists of (a) 
' ’ the dark inner cone of un* 

burnt gas or vapour; (6) 
a ye I low Uh« white brightly 
luminous region, occupy- 
ing most of the flame ; (c) 
a small bright blue region 
at the base of the flame : 
(d) a faintly .visible outer 
mantle, completely sur- 




Kio. 33:».— SintN h>‘<ifO‘*or- 
boa Huino with contlnuoiU 
bJno roK'vn c. 


Fio. 3 , 12 .— Stnioluro of h>'<irorArbAn f\nrrtt^. 


I ' f h .. 1 1 anic* I f the su p|)I V of gas is red uce<l . the flame shrinks. 

ri *. "z i. 

^..tinuous ami an innor cone (F.g. 3AJ). lUe repon 

*"Thl of flaiDe.-Wl.v arc tl.c oandk. coal gaa and ethane 

llaLet SouaV* of l^vdroKena.Klearl«n monox.de nondum-nona^ 



sxxnif DAVY'S RliSBAlU'MKS ON* VLAMK G^r, 

There arc two ])rmci]«il llicorli^ lo suromit for ilic* luiiiintjsjty of 
fl&mo : 

(1) Davy's theory (iStU) : liiinjiurtiiy la due lo jMirliclos of mliif cftrlion, 

produce I by tlicrmul <ler«>m|n«UMm of I be nnd liniUvl lo 

incandeflccnee in Hie llomo. 

(2) FraakUod's tbeory (]S<i|> : JuMiinojvity is <bie lu ineiUKlesmit 
ofden$e hifftrorarbnu*. 

Davy's researches OD flame.— Sir Humpliry Davy in 1SI5 was led to 
the study of flame by an invent ij'ation of the causes and prevention of 
ArC'damp explosions in coal mines, which were 

f re valent when open candle flames were used. 

hese are caused by the ignition of mixtures of 
methane if re-da tnp) and air (or. as we now know, 
sometimes by tlic kindling of a mixture of very 
line coal'dust with air). Davy soon found (hat 
when a flame is cooled it is extinguished, and he 
recognised that combustible gases have different 
imibos peivu. 

Lower a close spiral ot (hick co]>f>er wire <»\*er a 
maU nightdight flame : the flame k extinguishes!. 

(i) Depress a piece of line wire gaiise over a Bunsen flame. This does not 
pass through, owing to cooling by comluction of Jieait through the metal, 
an<l a retbhot ring is seen with a dark centre eorrcsjiondiiig w’ith uiibumt 
gas in the centre of the flame. Tliisgas is (uissing through tlie gaur.c. os iimv 
bs seen by lighting it with a ta|)cr. If Hie gauze remains on the flume, 
the (eni])efaturo of (lie metal rises to tlie ignition iKiint of the goa. which 
ignites and burns above (he gauze. 

(ii) If a piece of gauze, tiinie<l up at tlte cilges. is licid over an iinlighted 
Bunsen burner, the gas |>assing through may be kindlinl above the gauze, 
but the flame does not pass through. On raising Hie guuze. I he flame flickers 

oud linally goes oiu (Kig. 3341. This 
flame, in w'hich air U tnixetl ivjHi gas 
before comlmslion. is blue un<l non* 
luminous. 

These cx|)CTiments led Davy to the 
invention of the M/cty-hmp, w hieh con* 
sists of an oil lamp having a cIus<h 1 
cylinder of wire gauze ns a chimney 
(Fig. 335). In its improvcxl form it 
has a strong glass cylinder lie low' tlie 
gauze. Fire-damp will |K‘uctrut<* in- 
side the gauze and burn, but the flume 
is not |>rop*gat«l outside because the 
Fia, 336.-D.w-. uf.tv l«Dp “ conductwl a« ay by tlie caiizc, 

, Tlie gauze may become red-hot, but as 

the Ignition temjieraturc of methane is high, tlie flame docs not pass 
through, A drauglit of air blowing on the lamp may cause the gauze 




Pio. 334.— Principle of 
safoty lamp. 
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to Wconie so liot as to ignite the fire-damp, and the flame inside may 
be blown through tlic gauze by a blast of air faster tljan 8 ft, per eec., 
such AS is fornuMl on firing a sliot. With only a small amount of fire- 
dam]) ill the air, a flame appears over the flame of the lamp, and from 
the size of ihhjiame-eop. the amount of combustible gas in the air may 
In* jucl| 


igccl. 


Uiwer a ligliteii Duvy lamp into a large beaker into wfiich some ether has 
l>et«n {Knirc<l. Tlic intenor uf the lamp is filled with flamo and it ia extin- 
gu^hotl, but the oilier vapour in the Waker is not ignited. 

Davy sufi(Kisei) that tfie luminosity of a hydrocarbon flame is due 
lo the dccomfKisilioii of a part of the gas towards the interior of the 
flarnc, where tlic air was in smallest quantity, and the deposition of 
solid charcoal, which first by Its ignition, and afterwards by its com- 
bustion, increases to a high degree the intensity of the light/' The 
iion-himinosicy of the flame in the second part of the experiment on 
page ii4o was ilue, according to Davy, to the carbon particles burning 
as fast ns prodticcd in tlie oxygon sup|)lied. 

Flames known to eoidain solid (^articles, such as those of zinc, mag- 
nesium and |H>tassium burning in oxygen, are very luminous, and the 
presence of solid (Mriicles of carbon in luminous hydrocarbon flames is 
firoved by the fact, observed by Soret (1874), that a beam of sunlight 

reflected by such a flame Is jiolariscd {scq 
p. 4). The presence of carbon jMrticles is 
also made probable by the following experi- 
ments : 

Hokl a cold piece of pi|>oclay tube in a candle 
flame. Carbon is dejmsited on the lower j>art 
only, aot on the (oj). 

Clouds of soot evolved from burning cam- 
phor, if a<lmiMc<l to the lower part of a Bunsen 
flame through one air-hole by means of a funnel 
tube (Fig. 39G). rerxler the flame lunilnoiis. 



F,o. 336 .— B)in»en n«me 
nut«Jo luinuious by smoke 
from burning camj>l)or 


Faraday's experimeot. — Faraday acccjrtod 
Davy's vlew.<, but inK(ca<l of supposing that 
tlie carlmn particles are formed by the tie- 
coni i>osit ion of the ga.-< by heat, lie tiiought 
they wore pro<lucf^ hv the jirofcrenlial 
coinbustion of hj-drogen in the ^kVclrocarUiu. Vlth seijaration 
ui, burnt cnrlKUi which burnt subi«cq.ic-ntlv : 

2C.20,=-2C0,. Hv<iro|!cn was siii>po»ci to have a (irenter 

h,r axSe.. tb^‘ has ^rh^n. But Dalton haJ already »hown (,. fiO.) 

that if methane or ethylene ia exi.lo<le,l w.th a defic.enev of 

all tlie carbon is burnt to carton tnonox.de udnist the whole or part of 


?l‘e hydi^/i* «t free : C,H. * O, = 2C0 . 2H. 

Tbe structure of a cundio flame ia ahown by wl.htto 

tL .tercae white va,K,ura ,arss Into the flaah . th.o 



sxxm] FRANKLA>!D*S THEORY 

are fomwii by the vaporUation of wax on the wick. On raising the tube 

into the bright part of the flame, black vapours pass over, containing 

particles of carbon. On raising (he tube 

still further, steam and carbon dioxide pass a 

along the siphon. 1|r 

Franklaod’s theory. — Sir Edward 
Frankland in 1S61 noticed that the flame I 

of a candle burning on the summit of 

Mont Blanc gives a feebler light than in / j \ 

the valley at Chamonix, although the < ^ » rfpaioj 

rate of combustion was the same in both 
cases. In further experiments he found 

that a candle flame burning under a . 

partiaUy exiiausted receim ia jess l^i. ' 

nous than in free air. This had been 

noticed by Boyle. An alcohol flame burning in air at 4 atm. pressure 
is luminous. A mixture of hydr<^en and oxygen exploded in a 
eu^ometer bums with a bright flash, and hydrogen burns in oxygen 
under 20 atm. pressure with a luminous flame. The luminosity of the 
electric spark in gases increases u*ith the density of the gas. Luminous 
flames arc known in which solid particles cannot be present, e.g. flames 
of phosphorus and arsenic in oxygen, and of sodium in chlorine. 
I^ankland suggested that tlie luminosity of hydrocarbon flames is 
due to the presence of dense gaseous hydrocarbons, which become incan- 
descent. The presence of solid carbon particles in flames has. however, 
been proved. 


Laves *t theory. — By aspirating and enal^aing tlie gas from iMfferont parts 
of the flame, V. B. Lewee in 1$92 fouml tliat the unsaturatsd hydrocarbons 
(ethylene and acetylene) disappear only slowly in the dark i>ortion. but 
rapidly in the luminous sone. The proportion of acetylene increases 
rapidly up the dark zone, attaining 70 per cent of the unsaturatsd hydro* 
carbons st the apex of the dark cone, although only 14 1 per cent of these 
hydrocarbons were present. Lewes assumed that hy(ln>carbens are <locom< 
poaed by heat. w*ith the intermediate formation of acetylene: 

CaH|4 dH,s2C4 4H,. Free hydrogen has been detected in the luminous 
zone. The carbon is separated as a line powder, and tlie lieat of decompo- 
sition of the endothermic acetylene assists in ruisang the tem|>erature. 

The Bunsen flame. — If coal gas Is mixed with enough air before 
combustion, as in the familiar Bunsen burner, it bums uith a non- 
lum incus flame. This has free cones : (I) a pale blue inner cone, which 
becomes green and smaller when a larger supply of air is admitted 
and the flame ''roars'* (as in the Teclu burner) ; (2) a pale blue outer 
cone, which remains constant in size. The reactions in the inner cone 
are different from the thermal decompositions taking place in a 
luminous flame, since partial oxidation now occurs with formation of 
carbon monoxide and hydrogen, which bum in the outer cone. 

The reaction in (be bright blue part of a luminous flame (Fig. 933) 
appears to be the same es that in the Inner cone of a Bunsen flame ; in 
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the outer, faintly visible, cone complete combustion of liydrogen and 
carbon monox Ule occurs, as In the outer cone of the Bunsen ftame. 

The effect of pre\'»ous admixture of air on the flame may be studied 
with the a]>paratus sliown in Fig. 338. Undiluted carbon monoxide 


A 


A — 


a 


6 


d 





f / 

Fio. 338.^^nul hells *e experin>ente on flan>e«. 

bums above with a hollow cone of blue flame (a), typical of what Smithells 
calls a volHmtflofNt. If a little air is a<lmitted the cone becomes shorter, and 
its inner lining bright blue (b). With continued addition of air, a mixture 
is finally proclucetl through which a flame would be propagate<l without 
external air. but the flame '» kept on the lop of the tube by tirt speed of the 
gna current (c). More air causes the spee<l of propagation of flame through 
the mixture to exceed ibe s|)ecd of the gas current, and at this point the 
inner cone separatee from the outer cone in the flame, and passes down the 

tube (d). With more air. the outer cone vanishee, 
and all the gas now bums in the inner cone (<). 
Now the rate of propagation of flame has l>oen 
<liminiehed by the exocse of air added, and the lower 
flame is a double rone, as in the first case. When 
the rate of inflatnmation has been reduced below 
the rats of flow of gas, the flame again rises to the 
top of III© tube (/). end btims as a single cone wiUi 
a consicterable unbumt inner 8|)ars. typical of a 
sur/occ Jtume, 

The separation of the two cones of a Biuiseii flame 
is Citnveniently made by SmilheUs's l!aine*roas »epaxstor 
(1892). Tliis consists (Fig. 339) of one glass t«be 
H y sliding inside a wkler tube, tlie tubes having motal 

n r tops. A mixture of air end coal gas from a Bunsen 

ff burner is passed into the central tube. If tJjo 

quantity of air is increased, the Bunsen flame at 
the top separates into two cones, on© of which re- 
mains on the outer tube and the other, th© inner con« 
of the complete flame, jiasses down anti bums on tw 
■- t*)ii of the narrower tube. By raising tl«s latter, 

Fio- 339- — Smitheliss inner cone may be joins*! to the outer ono, and 

flaxno'cono sspafstor- vomplete flame raised outside on the inner tube. 

from the space between the two cones was found to consist 
F^^trnoon carbon monoxide, carbon dioxide, steam and hydrog^, 
of the mixture was the same if pure methane was used, 
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and the reaction in the inner cone of the Bunsen flame loads to incom- 
pleto burning of the hydrocarbon with formation of carbon monoxiclc 
and hydrogen, and uitli excess of oxygen (when some carbon dioxide 
is formed) an equilibrium CO + H.O ^ CO, + H, is sol up, kno^vn as tlic 
t«i/er.( 7 as equilibrium. The law of mass-action : 

(C0]»[H,01 ^ 

was shown to hold for the water-gas equilibrium by Horstmann 
(ld77-70)v and by Dixon (I8S4); Smithclls and later Haber found 
that it holds for the Intcrconal gases of a flame, and the constant K has 
the value corresponding with the temperature of the flame. 


The teenperatw* ef flamw liave been clcienniiied in varuiiw ways 
by platinum arwl platinum-riuxlium thennocou|>leal, an<l the following 


values found (F4ry« 1904. etc,) : 


Bunsen, fully aerated ' 1^71^ 

„ insuflic lent air - 

,» acetylene - - 2548’ 

.. alcohol • • im^ 

Alcohol flame • - 1705’ 


Hydrogen, free flame • 1900’ 
Oxy-coal-gas blowpi(>o - 220(1^ 
Oxy-hydrogen blowpipe - 2420* 
Oxv-aeetylene explosion 

3000’-40(M)’ 


The aca-luai&esit^ of the fiuaMn Osme has been explained as due to : 

(1) Oodsiioa : Davy's theory, already considered. That this is only a 
partial explanation follows from the ex|)eriments described below. 

(2) DUutioa : Bloch mann found that not only oxygen but also inert 

S ases such as nitrogen, carbon dioxkle. or even steam, will render tlic 
amc of coal gas non-luniinous in the Bunsen burner. 

Stop \i|> one eir-liole st the base of tlie burner, and connect the other with 
an api>arat\it for generating carbon dioxide. Light the coal gas. ami gra<lu* 
ally admit carbon dioxide : the flame becomes blue and non-himinous, but 
consists of only one cone iustoa<l of Itv’o. oa in the or«linar>’ Bunsen flame. 


Lewes states that 1 volume of ordinary coal gas requires the follow- 
ing volumes of other gases to render it non-luminous : CO,, 1*26; 
N„ 2*30 : CO. 5-11 ; H,. 12-4 ; air, 2*27 : 0,. 0*5. That the effect 
cannot be due entirely to cooling is evident from the effect of carbon 
monoxide, which gives a hotter flame than coal gas. 

(3) CooUdc : Wil^l showed that cooling a flame causes loss of lumin- 
osity, 


Bring a cold sand-bath in contact with the flame of coal gsts bxuning at a 
flslitail burner, The flame loaea its luminosity. No soot is deposited. 

Suspend a platinum crucible in a Bunsen flame which has bee n rendered 
just liuninous by adjusting the air-holes wlien the crucible is red hot. Now 
pour cold water into the crucible ; the flame Iosm its luminosity. 

If a silica tube is fitted tn the top of a Bunsen burner, the flame lighted at 
the top becomes slightly luminous when the tube is heated to ledneas by a 
blowpipe flame. This is not due to cliemical change in the gas caused by 
heating, since Thorpe showed by experiment that this does not occur. 
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TJ\« principle of tlio stability of the Bunsen flame, viz. that the combus* 
tible mixture of gaa and air is passed up the tube more rapidly than the 
flame is propagated down through the mixture, may 
be illustrated by fitting a long wide gloss tube over 
a large Bunsen burner, and lighting the flame at the 
top (Fig. 340). On increasing the air supply to tlie 
burner, the flame strikes back doum the tube. 

If the air supply is slowly increased, the inner cone 
of the flame passes down separately, and may be 
arrested halfway down the tube by a ring of copper 
wire hung inside, as shown. This prevents the pro* 
pagation of the flame by cooling the gas below the 
ignition temperature. 

The detonation wm . — By measuring the speed 
of the mixture of gas and air or oxygen necessary to 
prevent tlie downward propagation of a flame in 
the apparatus described in the above experiment, 
Bunsen (1807) found that the velocity of propaga* 
ation^'of corws^f ^ * mixture of hydrogen and oxygen 

Bunsen flame. was ^ metres per sec. and niuch less with other com* 
bustible mixtures. Later experiments by Bcrthelot, 
Mallard and Le Chatelier, and Dixon showed that if the explosive mix* 
ture is kindled at one end of a long tube, the flame at first traverses a 
short length of the tube with a velocity comf>arable with Bunsen's figure, 
tlien rapidly increases in speed to a maximum, after which it flashes 
through the gas with a constant velocity very much higher than the 
initial velocity of the flame. This flame, travelling with a high constant 
speed, is called a detotuUtQn iroce. The velocities of the detonation waves 
in various mixtures, determined by Dixon, are given below in m. per sec. 



8H, + 0, • • 3535 C,N, + 0, 

2H, + 0, • • H, + CI, 

H, + 30, • • • 1713 

In many cases the velocity of the <leionaiion 
wove is approximately twice that of the propagation 
of 8oun<l through the burnt gas boated to tho tem- 
perature of combustion under the con<litions of 
experiment. 

Tho mcrease<l violence of the combiuition and the 
great sp^ of the flame in the detonation wave may 
be shown by the following exiwrimenU. 

Fill two tubes with nitric oxide over water, ono a 
large te8t*tube and the other a strong tube 2 in. wide 
and 6 ft. long, closed at the emU with rubber bungs. 
Drain any water from the tubca, pour some carbon 
disulphide into each, and sliake. Take out the 
stopper*, end kindle tl.o Ke*c* with . t»|«r Tho 
mixture in each bun« trith . beeut.ful 
That in the teet-tube bums quietly, 
in 


- 2723 

- 1720 





Fio. 341.— Velocity of 
dotonftlion wevo. 


'tLetong X ^ epproaehe* tl,e m.ddle. 
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end then flashes down quickly, with a peculiar howling noiae. In tlio 
long tube the detonation wave just begins. A protecting glass screen 
should be placed before the lower part of the tube. 

A coil of lead piping, 30 ft. long and } in. diameter, is fttleU at each end 
with the ordinary brass coupling sockets used for gas connections. To one 
of these is attaclied by a rubber washer a thin glass test-tube, and to tho 
other, by Faraday's cement, a strong glass tube with firing wires soalod 
through the gloss ami a stopcock above (Fig. 341). The coil is filled with a 
mixture 2CO ♦ 0„ conUining a little h^'dtogon. tlio test-tube fixed in place, 
and covered with a wire gause cylinder. On passing a spark, the test-tube 
is shattered at the same instant as the flash is seen in tlie firing tube. The 
mixture SCO ^ 0, bums in a test-tube witliout oxploeion. 
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BORON AND SILICON 

Although boron &nd silicon belong to two different groups in the 
Periodic Table . they ere very similar in many ways and are con* 
Ten lent ly studied together. 

Boron. 

The salt bora* Na,B,O„10HjO lias been known from early times ; 
it u’as brought from Tibet, called finatK and was used as a flux in 
metallurgy. In 1702 Horn berg obtaimnl a crystalline substance sal 
^edatii'um by distilling green vitriol with borax. Baron (1747) showed 
that it is an acid, giving borax with soda. It w'as called boracic ac*rf or 
boric acid. Lavoisier suggested that it consists of oxygen united witli 
an unknown radical, later callc<l boron. Davy (1807) first obtained 
boron as an olive ‘brown powder by electrolysing moist boric acid, and 
in 1808 by heating fused boric acid (i.e. Iwron tri oxide BjOj) with 
potassium. The preparation by the second method was rci)eated by 
Gay*Lussac and Tlienard (1808), who described the properties of the 

Borax.— Most of the borax of commerce is prepared from the natural 
borax of Searle's Lake, California, and some is made by crysullising 
the mineral kernite, Ka,B 40 ,. 4 H,a It was formerly made from the 
minerals cofe won <7s, CajB|Oj|,5HjO, and boracitt, MgCl^.Z.Mg^B^U^s 
»5tassfurt, and boronatrocauiU, € 86407 , NaB0|.8H,0, In Chile. 

Powdered colcmanite was boiled with ft<idium carbonate solution and 
tbe filtered solution sllowed to crysUllise ; 

Ca,B,0„ + 2N8,C0, - Na.B.O, +2NaBO, + 2CaCO,. 

Borax forms two iraporUnt hydrates : octahedral borax Na,B.0,,5H,0 
obtained by crystallisation from a hot solution, above W , 
raoaoclink borax N 4 ,B. 0 „ICH ,0 erystallisms below CO . "3 ^ 

‘‘s j'Lsrs' i' SiKK' s; 

d«p‘"b^^=, wo Kllowishtbrown, 

Ftfe green, Fe,0,. brown). 
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Boric acid.— Boric acid is made from borax by adding hydrochloric 
or sulphuric acid to a hot concentrated solution, and it crystal I Isca on 
cooling : Na^B^O, +2HCI +5HjO -2NaCl 4-4H,B0a- It is sparingly 
soluble in cold water, more readily in hot water : 105 gm. at 0®, 2* 02 
gm. at 12®. and 16*82 gm. at 80®, in 100 gm. of water. It is less soluble 
in solutions of acids. 


To a hot satuiated solution of borax add concentrated hydrochloric 
acid till the solution is strongly acid to litmus. On cooling, scaly aix'sided 
crystals of boric acid (Pig. 342) separate. Wash the 
crystals with cold water and recrystallise from liot 
water. 

In the volcanic regions of Tuscany, jets of steam 
called $Qffioni escape from the ground. These 
contain steam, carbon dioxide, hydrogen sulphide, 
nitrogen, ammonia, and traces of boric acid, which 342.^Crvsta1 
is volatile in steam. The boric acid may have been of boric acid, 
produced bv the action of superheatx^ water on 
boron nitride: BN -i-SHtO or on tourmaline, which 
contains 3-4 per cent of and is found in situ. In the recovery of 
the boric acid, the steam is condensed and the liquid is concentrated by 
the heat of the steam. The crystals of boric acid separating on cooling 
are recry stallised and dried. 

Ordinary boric acid, or ertboSoric acid forms soft, silky, pearly- 

w'hite tti clinic crystals witli a greasy feel. At 100® these lose water 
and form n^ubefie acie HBO,. At 140® pjreberie scid H)B40f is said 
to be formed ; at a high temperature all the water is lost and boroo 
criotide is formed. This softens to a hygroscopic glass at a 
red heat ; 



dH^BO, -4HB0,+4H,0 .f6H,0 -2B,0, + 6H,0. 

Ortboborstu are infrequent : magnesium borate Mgs(BO))| and ethyl 
borate are best knoum. UcUborstu are the most stable, and 

pmborates are also stable. Borax or lodlaiB pyreborstt (or diboraU, 
^*0,23)0,) Na,B40}, is formed by adding a solution of sodium 
hydroxide or carbonate to boric acid. Metallic borates, usually meta- 
borates, are precipitated by a solution of borax from the metal salts 
dissolved in water: Na,B,O, + Baa* + 3H,O-Ba(B0,), + 2H3BOa + 
2NaCl Metaborates are formed m the borax- bead reactions : Na.B.O. 
+CuO-Cu(BO,),+2NaBO,. ’ 

^ron triox idc sliows feebly basic as well as acidic properties. Boric 
acid combines with sulphur trioxide, forming boroo bjdnsea folphsts 
B(HS0|)3, and with phosphoric acid forming bwon pbospbsts BPO 
insoluble in water and dilute acids but soluble in alkalis. In tlus 
respect boron resembles aluminium. 

Boric acid is very weak. It turns litmus a wine-red colour, but has 
no action on methyborange. It is weaker than carbonic acid, or even 
hy^gen sulphide. The fractions ionised in decmormal solutions at 

n nn?;? ' = hydrogen sulphide (H-HS), 

0'0007 ; bone acid 0*1X101. r v h 
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Boric acid ionisea a$ a monobasic acid and may be titrated with 
sodium hydroxide after addition of a large amount of glycerol^ with 
phcnolphthalein as indicator : KaBO) -f NaOH « NaBO, + 2Sfi. 
Since the acid has no action on methyl -orange, a solution of borax may 
be titrated with tli is indicator as if it were a solution of sodium hydroxide: 

+ 2HCI + 5H,0 -2XaCI i- 4H,BO,. 

Boron .-^Tlie element boron may be obtained by heating boron tri- 
oxide with potassium or sodium : B 5 O, »2B + 3K,0, or potassium 
fluo borate with potassium : KBF| •i-3K»4KF-hB- The simplest pro- 
cess is to heat boron trioxide with magnesium : BA + 

3MgO. The chestnut- brown powder left on boiling the mass with dilute 
hydrochloric acid may be purified by treatment with hydrofluoric acid 
and fusion with Bfii in a stream of hydrogen (Moissan, 1895). 

Heat about 2 gm. of a mixture of 5 gm. of magnesium powder with 15 
gm. of powdered boron trioxUle in a covered silica crucible. tVhen tl^ 
violent reaction occurs, cool, and place (he crucible in a beaker containing 
d ilu ted hy drochlor ic acid ( 1 ; 2). Filter and wash . Dr>' t lie boron in a steam 
oven. Dry potassium fluoborate may be usod instead of boron trioxide. 


Asotpbous b«oo so prepared is a brown |)owder, density 2 45 : it is 
unaltered in air at ordinary temperature but smoulders at about 
700*, forming the triox kle and some boron nitride BN. Those form a 
superficial coating over the boron and prevent complete reaction. 
Boron displaces carbon and silicon from their oxides on heating : 
3SiO,4^4B-2BA + 3Si. 


Moi&san's boron, prepared as above, always contains oxygen and i« icid 
to bo a sol id solut ion of a boron suboxi<le B,0, or D,0 in boron . Weirit reu b 
( 1909) states that pure boron is inA«»hiblo in 40 |>er cent nitric acid, which 
dissolves a considerable amount of Moisaan's boron, leaving a n»i<lue ol 
pure boron. Pure boroa is obtained by striking an alternating current arc 
n a mixture of hydrogen and boron triclih.rido vapour between water- 
cooled copper olectro.l» in • gloee gl»l>e. Tl.e boron powder 
the elective, fuiee to globule., wl.icli drop ,.fl (Pring en.l Fielding, 1009). 
Aa eo preperod. boron forms a block, very hanl eclid with a conrhoidal 
^ctu^, filing at 2300% but v.dalili.ing apprccinidy at 1000 - 
be Stronely heoltl in air without ..xidol ion. and is only very »lo« 1> at ini kc<l 
^y cTncentrttll nitric acid. It thus .Uflcre in proper.ioe rom Moissai. . 
b^ron CrysUls (plates and needles) of pure boron aro doi.osile-l on a 
Sum wil^etmngly He..o.l in a mixture of hydrogen and boron tri. 

Devils and womer ,iS 0 :. by fusing 
leaving erjstals of of .liatnimd. and very hanl and reels tant 

r "i-f of'atnr:: 

Jominuo of AID, are also formed. 
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Boron hydrides.— Equal weights of BjOj and magnesium powder on 
heating form oweiiuiii boriee, wliich with acids evolves a gas with a 
peculiar smell, which burns with a green -edged flame {F. Jones, 1879). 
Ramsay and Hatfield (1901) showed that the gas conUins several 
hydrides of boron, condensed by liquid air. 

The simplest hydride of boron U B^H^, the exi>ectod compound BH, 
being unknown. Since B,H« (di* 6 om«e) is decompo^ by water, it is not 
present in the gas from magnesium boride and acid, It is most easily 
prepared by the action of an electric discharge on a mixture of hydrogen 
and the vapour of boron trichloride BCkj or boron iri bromide BBr^ at 
low pressure : 2BClj + 5 Hj* + 5HC) ; 6 BjHjCI + 2BClj. 

With BBrj, the hydrogen bromide formed (less volatile) can be sepa- 
rated by fractionation. Diborane is fairly stable in the absence of air, 
moisture and grease, but slowly deeomp<m at room temperature to 
form BjH,, and some B^Hi*. and is rapidly decomposed by water : 
BjH, + OH jO - 2 H 5 BO 3 + bH,. 

Tlid liquid condensed out of t}»e gas from magnesium boride and hydro- 
chloric acid by cooling in liquicl air is a miseture of the hydri<lee BtHi*, 
B|Hi, and BfH,,, separable by fractional distillation, B»H,« being moat 
volatile. At ordinary temperature, theaa are colourleaa liquicls. Even pure 
B«H,| rapidly decomposes at ordinary temperature into hydrogen, diborane 
BjK,. and lass volatile h)*dridea. On heating in a sealed lube at 
100% B|H,, B|H, and D«H,« are formed. On heating B,H«, several solid 
hydrides are formed. One of these, is volatile in rocuo, and soluble 

in alcohol, etlier, or benzene. Tlie pro{>eriies and sources of the boron 
hydrides (borories) are summarised below : 


m.pt.- 

- 105‘5* 

- 120* 

B|H. 

- 46‘6* 

B»H., 

- 129“ 

-C5l“ 

B..H„ 

+ 99*?^ 

b.pt. • 

- 92*5* 

+ 16* 

0*/6G nun. 

0*/57 nun. 

0%7 mm. 

213* 

Stability • 
Source 

Is**^ 

enide 

gM 

♦ + 

B,H. 

midk 

fw 

B,H, 


By U )6 action of B,H« or B«Kit on alkali hydroxide solutions, unstable 
hTpoboratai are formed, which evolve hydrogen when acidified : 


4KOH = 4KOBH, + H, 

2KOBH,-f 2HC1 + 4H,0 » 2H,nO»+ gKO + 5H,. 

By the action of dry hydrogen chloride on D,H« or B|H|| in presence of 
aluminium chloride, substitution products ars formed : 

B^« + HCIsB,H.a-fH,. 

The action of halogens is violent. With HBr and HI corresponding 
bromine and iodine compounds are formed. 

The boranea show eome acidic character in reacting witli alkali metale and 
with anhydrous ammonia. B,H, reacts with sodium amalgam to form 
[B,H*)Na,. and B,H,. with sodium to form (B 4 UM)Na,. With ammonia the 
compounds B,H„ 2 NH„ B«H»^4NH, and B„H„. 6 NH, are formed 5 B.H„ 
reacts as follows: + + B,H„2NR. is an 
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electrolyte in liquid ammonia and has been formula te<l aa an ammonium 
salt 

Oh lioating U,Ha.2NHt or hydrogen is evolved and tribociae 

ttiamine, is formed : the molecule is a flat hexagonal ring of alter* 

nate — BH — and — NH — groups. By tlie action of dry HCl the three 
^BH— groufts form — BC1— . 

By the action of exceaa of CO on BsKa un<lor pressure bonne earboajl 
BH«CO is formc<l : DiH«-f SC'O ^ SBHjCO, which reacts with ammonia to 
form the stable BHaCOlNH,),. 

The structure of the boranes is a difficult problem, as they allow anomalous 
valencies. In BtH^ the two boron atoms have b electrons, and with 6 from 
the six hydrogens there are only 12 to form seven bonds, leaving two 
electrons sliori. It has becit suggeat«l that two or more single electron 
bonds are form«<l. as in (II) belna% but these would confer paramagnet< 
ism, which is not found. Thu hsu< been got over by assuming resonance. 
Bauer ( 1237*8) found from electron diffraction that tlie bonds £3 — Hand 
B^B are longer than onl inary single co valencies, which indicates some 
single electron bond or no>eleciron bond character, so that there may be 
resonance among arrangements such as ; 

H H H H H H 


(I) H B : B: H 

* * * • 

H H 


(II) H B:B H 
• * • * 

H H 


(III) H • B ' B : H 

II • • 

H H 


Wiberg (1930) str«ised the feebly aciclic properties of the boranes 
an<l regarded them as unsaturated polyhasic acids, or 

HHtB = BH,H similar to ethylene, etc. In his formulae each boron is 
8urrountle<l by 8 electrons. Tlie acidic character arises because the 
radical, although not eleclrovalent, can accept protons, and the two protons 
are inside the electron slicl] of the BiH^. 

Structure (IV> with hy<lrogen bonds, originally proposed by Dilthey 
(1921) 

H. /H M Hs - 

(IV) >B< >B< (V) 


H. - - /H 

\b==b( 

H/ H* 


and extended by J.i>nguct- Higgins and Bell (1 943*0) to other hydrides, 
is in agreement with |>li>'«cal evidence aixl resonance theory. Piti^ 
(1946) regar<led the bond between the two boron atoms ns a “ protonated 
double bond ”, comjjosed of a nonnal covalent double bond with two pro- 
tons emlKKlded Ui tlie electron cloud, the boron atoms having negative 
charges (V ; cp. Wibcfg*s formula). 

Halogen compounds of boron.— The following halogen compounds 
of boron are known : 

BF, : colourless gas, condensing to colourless, mobile liquid, m. pt. 

’ - 127*. b.pt. - lOr. 

R PI - colourless liouwl, b. pt. 0*/40 inm- , .n- 

BCl,V colourless mobile liquid, m. pt. - 107*, b. pt. 12 6 . density 

atO*. 
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BBrj: colourless viscous liqtiid, m. pt. -46% b. pt. 00- 1*/ #40 mm., 
density 2* €60 st 0*. ^ 

DI, j white leafy crystals, m. pt- 43’, b. pt. 210*. 

Boroa triflaoride BFj is formed by the spontaneous combustion of 
boron in fluorine. It is prejared by healing a mixture of duors|>ar (or 
potassium flu ob orate), boron trioxlde.and concenlrated sulphuric acid . 

BA + 3CaF, + 3HjSO, - SBF^ +3CaS04 + 3H A 
or by heating a mixture of boron trioxide and-|)o!assium fliiolwrato at 
51 S“ The gas is collected over mercury. It fumes strongly in moist 
air, and when passed into water gives a precipitate of boric acid, wli^h 
redissolvcs if more gas is passed in, ami the solution then contains 
Buebone acid: 4BF, + 3H,0 -B(OH)3 + 3HBF,. This is more easiy 
made by dissolving boric acid in cooled 50 per cent hydrofluoric acid i 

B(OH), + 4HF - HBF* - 3H ,0. 

The solution on distillation gives a strongly acid liquid of comjwsitjon 
BF,.2HjO ; in concentrated solutions BF, and HF are present. Tho 
acid forms salts, called flttoborau*, e^. KBF^ is thrown down as an 
amorphous white precipitate on addition of a potassium salt to the ackl. 
BFj readily combines with ammonia, giving a while solid, BFj.NWa* 
Fluoborates are formed in solution from boric acid and acid fluorides ; 
H,BO, <t 2KaHFi - NaBF, + NaOH + 2H,0. Tliey arc decomposed 
by heat : KBF, *KF + BF,- The acids HCIO, and HRF4 show simi- 
larities, especially in the capacity to form salts with organic bases. 

Beron iricWcfWt BCI, is obtaiiwl by burning amorphous boron in 
chlorine, by heating Bfin w*ith phosphorous pcntadiloridc in a sealed 
tube at 150^: + + 3P0a,. or by passing dry 

chlorine over a stronglV'heatc<l mixture of boron trioxide and 
charcoal : BA + 3C -f 3Clj » 2BCI, + 3CO. It is condensed in a freez- 
ing mixture. The liquid is freed from chlorine by distillation over 
mercury. It fumes stronglv in moist air, and is irreversibly hydrolysed 
by water: BClj +3HjO-B(OH),.|.3HCl. 

Boros dlebloridt DtCU is formed in small yield by striking on arc with a 
sine anode in liquid BCI 9. It reacts with water to form an oxido B9O1. and 
evolves hydrogen with alkalis : 

BjCl, + ONaOH == 2NalK), + 4NaCl 4. 2H9O + Hj. 

Boron thbroaids BBr^ is obtained by similar methods to tho chlorido. 
Boron tri-lodid( 131 j is formed by passing DO 9 vapour and HI through a 
heated tube. U bums when beat^ in oxygen. 

Boron zutride. — Boron is one of the elements which combine directly 
with nitrogen (p. 512) : the nitride isiuual))* prepared by heating borax 
with ammonium chloride, extracting with hydrochloric acid, and washing : 

NaAO? + 2NH*C1 - 2Naa + 2BN + BA$ + 4HgO. 

Boron burns when heated in nitric oxide: dB4-3NO»BA'^3^^* 
Boron nitride BN is a white infusible powder, unchanged by mineral 
acids, solutions of alkalis, or chlorine at a red heat. It is decomposed 
by fusion with potash, when heated in steam : 2BN -kSH^O bB|Os + 
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‘iNHj, or (slowly) by hydrofluoric Acid : BN +4HK-=NH4BFj. When 
fiisc<l widi potassium carbonate, it forms potassium cyanate : BN 4 
K 2 C 05 =KB 0 s + KCN0. 


Boron forms a carbide B 4 C on itcating with carbon in the electric furnace » 
and a sulphide BiS» by direct combination at a white Iteat. or by heating 
B,0, with carbon in the vapour of CSf ^be sulphide is Jiydrolysed by 
water: B,S, + 6H,0 = 2HaB0a 4 3H}S. B|S| is said by Moissan to be 
formecl from BI) and S dissolved in CSy. HeUUuoboric acid H11S| is formed 
in white needles by the action of H,K on BBr,. 

Perborates. — Sodium perborate NaBO^, 4H,0 (formerly regarded as a 
meuborate containing hydrogen peroxide of crystallisation, XaBO|,H|Ot, 
3H ,0) is a cry sta nine solid obtained by the action of h 3 'drogen peroxide and 
sodiiun hydroxide, or of sodium peroxirle, on cooled borax solution ; or by 
the electrolysis of a solution of borax and sodium carbonate with a platinum 
gaiixe anoclc. 1 1 is stable and onl y sparingly solu ble and ts used as a bicschi ng 
nn<i dUinfccting agent. The solution is stable at room temperature but 
evolves oxygeit on wanning : it docs not liberate iodine from concentrated 
potassium iodUle solution. Other perborates are i 

LIB0*.H,0. KB04.H,0, RbBOg.JHjO, CsB0*,lM,0. 


They arc prepared by tlie action of concent ratc<l liydrogen peroxide on 
metaborates and evaporation under reduced pressure or precipitation by 
alcohol. 

Tests for boric acid.— If a solution of a Iwrafc is acidified with hydro- 
chloric acid and a piece of turmeric |>a|icr dipped into tlic solution and 

drietl, a brownish-red colour is produced, similar 
ii to that fomjcd by alkalis. If the paper is now 

moistened with alkali, it turns greenish -black. 
\ i Whcji a mixture of a hciratc, powdered fluorspar, 

I I and concentrated sulphuric ucid is held on a 

,^1 platinum wire in a Bunsen flame, the borun fluoride 
lorincd colours the Name green. 

Etbjl hMs« BlOt’jHjla is formexi when 0 borate 
is distllletl with alct»hol and ronccntrafc<i sulphuric 
acid : B(OH)j 4 4 3H,0. 

Tlie va[wur bums with a green flame. 

Add a little borax ami concentrated sulphuric 
ftci<l to alcoliQl in a <lwh. Stir well onti ignite- The 
flame b tinges I green, rai)ccially if blnwr* out and 
rekindle* I . .Since copjior nnd hnriiiin salts 
colour the flame green, the trot is best rniwle by 
heoting iIm> mixture in a small flaak fitted with a gla^^ 
jet (Fig- 343), and burning the va|K>ur after odmix- 
tore with uir inn w nJer t ube to destroy the himmosity 
of tl»c tbme (dxio to ether, (C,Hj),0, also fon«e<l). 



Fio. 343.— Croon flame 
of etliyl borate. 


<Jlnce boric acid interferes in qualitative analysl-s with the group 
* f the metah it Is removed bv repeatt-d evaporatjon of the 
XTon with hjdrochloric acid. The boric acid is volatile in steam and 
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ia stowly but completely eliminated. If the acid is not amoved 
insoluble borates t.g. calcium borate Ca(BO,)t, are precipitated by 
ammonia in Group XU. 


Silicon. 

Next to oxygen, silicon is the most abundant element in the crust of 
the earth • it occurs as sUicoo dionde or silica, SiO,, varieties of which 
are quarts, sand, flint, etc. Silica is also the acidic constituent of the 
silicate rocks. Granite and simiUr primitive rocks contain from 20 to 
30 per cent of siUcon. Silica was at first regarded as an earth. 
analoBOus to lime and alumina, but its acidic character was |»intcd out 
bv Otto Tachenius in 1066 : it is insoluble in acids but dissolves in 
potash forming a solution of a mlicate formerly called Uguor of fixrUs. 
Tachenius also observed that acids differ in strength ; one acid is dis- 
placed from its compounds by a stronger acid. 

Gay.Lussac and Thenard in I8U obteliicd siUcoa as a brown jiowder 
on passing silicon fluoride gas over heated potassium, but they did not 
recognise iu true character. In 1823 Bcrtcliue prepared silicon by 
heating potassium fluosilicate with potassium : K^iF^ -i- 4K -OKF + Si. 
In most of its properties silicon belongs to the group of non.mcUls, 
although it forms alloys with copper and iron. It differs from carbon 
by giving a solid, difficultly •fusible dioxide SiO,, which is the chemical 
analogue of carbon dioxide CO«. 

The great difference between silica and oirbun dioxide is <lue rather to 

a peculiarity of silica. According to G. N. Lewis 

the structure of silica should be repreeentad as a • Si : O : 8i : 0 : Si : 
" giant molecule ", n. . n . • ft • 

In gaseous an<l solid carbon dioxide tlie separate ,, ' 

molecules 0=C=0 are |>rasent, whilst silica con- • Si : 0 : Si j 0 j Si : 

sisU of tetrahedral SiO^ groups linked together by •• 

strong bonds. The arrangement of the atoms in tlie t 0 ; ; 0 r i 0 i 

different forms of silica is different, but tliey all 

conUin SiO« grou|ie. These are linked so that every oxygen atom is 
shared by two tetrahedra, giving the composition SiOa. 

The forms of ulica.— Silica occurs both crifStallUed and amorphous. 
The three main crystalline forms are qitatiz, (ridiftniU and cristibaiiU, 
although different modifications of each exist, having definite transition 
points (Fenner, 1912^14}. 

MS* s?o*±ie* 

(1) o-quirts ^ ^.qusrts. (2) ^-quarts ^ ^-tridyimU. 

k4T0*i)0* 

(3) |S-trid 7 Dttte ^ ^-ciutobslits. 

^'tridyroite and ^-crlstobalite pass at the following temjieratures into 
mstastable modifications with lower optical symmetry : 
isr iir 

(4) jfi.Cridynuts ^ ^i-tridTinile ^ a-tridyimle. 
ies*-r4* 

(fi) fi.enstebsHte es a<risiobsltte. 
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The relations among the forms is shon-n diagrammalkally in Fig. 344, 
Quartz is the only iinblt form below 870° : the three triclymitee and 
p.cristobalile can exist below 870° but are metastable. The transitions 
U). (4) and (5) above occur ra|>idly. but (2} and (S). as well as the transition 
p-cristobalite liquid at about 1710°, ore sluggish. Between 870” and 
1470°, S-tridymile is the stable form ; from 1470’ to 1710*. ^-cristobalite. 
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Fio. 344. — Pofms of 81 lie*. 


Silica rorme<) by rapid cooling of (be liquid, can exist from ordinary 
tomperauire to ICN)0” or above, when it begins to cr3‘8Ullises thie talcing 
place at an appreciable rate above 1380*. In devitrifying it always forms 
crifltobalite. even gt temporaturos below the criatobalite range, unless a 
flux is present. This is an example of a gonoral rule, pointed out by 
OstwuUli that metastable statee tend to be formed first, (’ristobalite tends 
to change into tridymite rather than quarts ; the direct transformation of 
quartz into tridymite, without a flux, is doubtful. 

Since quartz changes into cristobatite (or Iridymite) with expansion, 
silica bricks are liable to shatter when quickly beat^ unless a large 
proportion of the quartz has been convert4^ into the form stable at high 
temperatures by previous heat treatment : this form remains meU* 
stable on eooling. 

Silica also occurs in vegetable and animal organisms. The straw of 
cereals and bamboo cane contain fairly large quantities, and the weed 
*' horse-tail ** on combustion leaves a siliceous skeleton. TIjc feathers 
of some birds contain 40 per cent of silica, which also occurs in sponges, 
and deposits of almost pure silica are found as kie^eUjukr, which con- 
sists of :he siliceous skeletons of extinct diatoms. This material, being 
porous, is used to absorb nitroglycerin in the preparation of 
dynamite, and m lagging steam pipes to retard loss of beat. 

Superheated water in the interior of the earth, especially if 
dissolves silica, which occurs in many spring waters, in hot-spruigs 
1704), and particularly in tlic boiling water of geyscre- The silica is 
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d»posit«d at the mouth of the geyser as Silica rney pass into the 

pores of etc., in the earth, producing peiri/adum. 

Quarte.-Quartz (density 2*648) occurs as rock<rysial in clear colourlcw 
crystals used foroplicaUpparatus, but mow often in opaque C milky ) 
or coloured masses (“smoky- 
quartz,” “ cairngorm ”). Col- 
oured varieties (e.j. purple, in 
amtlkyds) ace used as gems. 

Sand consists of quartz which 
remains unchanged after ilic dis- 
integration or “weathering" of 
rocks, and has been crushed dur- 
ing its movement by water. The 
purest sand (“ Calais sand ") is 
white ; yellow sand is coloured 
by ferric oxide, dissolved by 
boiling hydrochloric acid. 



Pio. 34fl.— Knentiomorphouii er^fUls 
of quertr ; A lofl-handeU. B right-handed. 
cry*t*h 


“ Singing sand,” which emits a 
peculiar squeaking note when 
pressed. consiiU of rounded grains 
of nearly unifonn size. It occurs in patches with ordinary sand e.g. 
near Poole. 

The crystalline form of quartz is complicated : it is apparently a hexa- 
gonal prism, terminated by a hexagonal pyramid, but the crystal is really 
a tetartohedral trigonal (rapezohedron with lower symmetry, and has 
optical activity. Soma crystals liave heraihedral facets inclined to the right, 
others to tlie left, so that one type of crysUl is tlie mirror-image of the other 
(Fig. 34S). Such pairs of cryeUb are known es leAaUomorphs. 

If hydrated silica (p. 662) is heated with a solution of solubis glass (sodium 
silicate) in a sealed tube, small cr>atals of quartz are formed. Larger 
crystals are formed by prolongsd heating at 250* in a sealed tube of a 10 
per cent solution of colloidal silica. Spezia <1005-0) obtained quartz 
crystals more than I cm. long from solutions of quartz in sodium silicate 
and sodium chloride kept for some months at 330*. 


Tridymite. — Tridymite (density 2*26) occurs more rarely than quartz 
in minute crystals, usually rix-sided plates (Fig. 846) in cavities in the 

trachytic rocks of hicxico and Stenzelberg 
and in solidified magmas and lavas. It 
belongs to the hexagonal system. 

Cri^balite. — This is a cubic crystalline 
form (density 2*32} found in some volcanic 
rocks and in meteorites. It is formed 
by heating powdered silica glass at 1500^. 

Amorphous silica. — All varieties of silica soften below 1600^, melt in 
the oxyhydrogen blowpipe at about 1710®, and boil in the electric 
furnace at 2230®. Before fusion they become plastic and can be blown 
like glass, or drawn into thread. The amorphous silica (jlass, density 
2*2. first made by Gaudin in 1839. has a very small coefficient of ex* 



Fio. 34$. — Crystallina form 
of tridymite. 
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pansion (cubical coefficient x I0~^) and may be heated to redness and 
quenched in cold water without fracture. (Quartz crystals easily crack 
when heated.) It is transparent to ultra •violet rays» w'hilst ordinary 
glass is opaque. On heating silica glass at about 1100^, it crystallises 
and becomes opaque. Hydrogen diffuses easily through heated silica 
glass, helium even at room tcm|)erature and very rapidly at 510^, and 
oxygen appreciably at 6UO*. 

Besides transparent silica glass a translucent rifreoei/ is manufactured 
by fntting sand with an electrlcally'hcated carbon rod or plate, evolu* 
tion of gas from which prevents the fused silica from sticking to the 
carbon heater. 

Pure amorphous silica is obtained by decomposing pure silicon 
tetrachloride with w'ater and heating the resulting gel. Amorphous 
silica may be obtained from silicates by fusing the finely 'powdered 
mineral wdth excess of potassium and sodium carbonates in a platinum 
crucible until evolution of carbon dioxide ceases. Alkali silicates are 
formed : Na,CO, +‘SiO,«Ka^iO, +CO,. The residue on cooling is 
boile<l with hydrochloric ackl, which dissolves impurities such as oxide 
of iron and precipitates BeliUaoQs abes. a hydra t^ form. The \vhole is 
evaporated to dryness on a w ater-bath . w lien the silica becomes insoluble 
in w ater. It is w* ashed w ith boiling hydrochloric acid until free from 
iron, then with boiling w'ater till &ee from acid and alkali -chlorides, 
and is finally heated to re<lness in a platinum dish. It forms an impalp- 
able w'hite powder, insoluble in water and all acids except pliosphoric 
and hydrofluoric, but soluble in hot concentrated alkali hydroxides. 

If the mineral contains tiUmnm. (ho silica wdl contain licaniiim dioxide. 
A qualitative teet is to heal a frapnent of the inincml m a microcoamic salt 
bead (p. 5S41 : metallic oxMes dissolve and a skeleton of silica is loft in the 
bead. {Many silicatee dissolve completely in ili© bead.) 


At hiah temnerstures silica, which is non-volatile, Uisplaccs volatile 
acids from their salts : Na^SO, ♦SiO,-Na,SiO, -.SO,- It is relatively 
inert and refractory, and is used for making r./metory brich (ganiater, 
Dinas brick, etc.) for furnace-linings. For this puriwsc P“K of 
crushed quarts-rock is mixed with a little lime and clay, and old broken 
fir»hripk r‘ iTTOE "I. and thc mass is moistened, moiiltled, and burnt. 

Silicic aci^.'^elatinous silica when freslily iirocipitated by acids 
from solutions of alkali silicates is appreciably soluble m water, alkalis, 

^^I^dauW ^"um siifcate solution is added to excess of dilute hydro- 
chloric acid no precijiitation occurs. If thc liquid is kept m a 
the sodium and chloride ions diffuse out. leavi.iK a clear col oidal solu- 
tion or hvdrosol of lilidc discovered by (,raham in l«l)l, the 
Llloidal i^lution may be concentratcl by boiling in a flask and by 
evaporation over sulphuric acid until it contains U ijcr cent of biO, , 
it irthen a clear, tasteless Uquid with a feebly acid react on. It is 
il.,i;iv roaauUted to a bluish-white, nearly transparent, jell) of silica 
y hvdrosol is more stshlc in presence of small amount of 

gd^^lri^ .erbium hydroxide. hSt is coagulated by sodium 

carbonate or phosphate- 
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Silica eel dried in air retains about 16 per cent of water. Ai 100 .Id 
ner ceW of water remains and the silica becomes insoluble. On further 
hfairng water is gradually lost ; according to van ^mmclen the 
va^ur-’pressure curve shows no breaks mdicativc of 
SmmaL considered that it showsbreaks c«rc8|»nd.ng vinth orthosihcic 
acid HiSiO., and metasilicic acid H^iO,. Maschke (1 87-) noticed t 

?he cle‘ar gei becomes white and opaque when some ■ 

but clear again on further drying. Water-vapour adm.l^ to the 
dehydrated mass is absorbed, but the pr^urc ** '“Shcr^an m the 
corraponding part of the dehydration. After heating at 300 , the gel 
eonUiS about 4 per cent of water, but it U only after prolonged heating 
at 900*-1000® that all the waUr la lost. 

Esters of silicic acids were discovered by Wurls in 1803. I^iyl and 
motl.yl orthosilientes. (C.H.l.SiO. and (CH.l.SiO.. are liquids tiding at 
80 *-oV and 25% reapectively. under 12 mm. preasute. They are obtain^ 
by the action of SiCI, on the anhy.lroua alwhols. 

by the slow hydrolysis of ethyl '’'''’os.lieate : (^H.).S.O. + 4H,0- 

w ^in X H OH Bv loss of water it gives the acids HtbigUi anU niOiUg. 
"Cv^i^Ste iiO,OC.H,.. b. ptS33% is obtained from SiO.. ethyl 
alcohol and a little water. By heating quaKi powder with sodi^ car- 
bonate in the required proportions at 1150% sodium metas.licate, disilicate, 
and trisilicata are formeil. from which, acconling to Tschermak. the free 
acids. H.SiO,. H^i,0. and H.Si.O,. are formed os ^nularwhita powers 
by treatment with 80 per cent, eulphurw acid at 10 . As so obtained the 
acids contain 6 per cent excess of water, which mey be removed by treat- 
ment willi alcohol and afcher- 

Silicon.— Silicon has a great afBnity for oxygen : (Sj)-^ (0|) " [SiOj] 
+ 191 k cal., so that reduction can be effected only by powerful re- 
ducing agenU or at high temperatures, ujien siUca « hea^ with carW 
in the elctric furnace : SiOt + 2C.2CO + Si. Silicon is made m this 
way at Niagara bv heating a mixture of sand and crushed coke, or by 
reducing silica with calcium carbide. It is a hard grey crysUUme mass, 
with the appearance and electric conductivity of graphite, m. pt. 1420 , 
b. pt. 2SOO®. Silicon is used in the preparation of alloys (silicon -bronze, 
manganese-silicon-broiue). on which it confers hardness and tensile 
strength. Silica is also reduced when heated with carbon and iron in 
the blast furnace , and cast iron always contains silicon . I ron containing 
carbon and more than 15 per cent of silicon (inmoc, tanliron, narki, etc.) 
is resistant to the action of acids, except hydrochloric, which requires 
50 per cent of silicon. 

In the laboratory, silicon is prepared by heating potassium fluo- 
silicate xvitb potassium : K^iF 4 + 4K-Si-i-6KF, or silica with mag. 
nesium powder : SiOj + 2Mg * 2MgO SI. 


Two grams of a mixture of 5 parts of powdered quart* or thortm^hly dri^d 
axnorphoxis silica with 3 parts of magnesium po^er and 2 parte of calcined 
magnesia to moderate the reaction, are heated in a covered silica crucible. 
The mass glows when reaction occuia. After cooling, the magnesia is 
dissolved by hydrochloric acid and the silicon washed in a platinum dish 
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wit)i hydrofluoric and sul|>]iuric acid^ to remove silica. It has a purity of 
DO-dT per cent. 

The sO'CaUccl amorphous silicon so jirqKtrcU is a lij^ht chestnut'brown 
hyi^roscopic jMiwcler, density 2*3o, wiiicli burns brilliantly wficn heated 
to ilull mness in oxt*gcn. The X-rays show that it really contains 
minute octahedral cr.s'stals, and all the known forms of silicon are 
octahe<lra]. \>'hen heated in air it burns superflcially. It ignites 
s|K)ntaneou>ly in fluorine, forming the fluoride SiF^. and burns when 
heated in chlorine with production of the tetrachloride SiCl^. It U 
insoluble in water and all acids except a mixture of nitric and hydro* 
fluoric ; it is slowly attacked by steam at a re<l heat : Si «SiOs 

4 2H2. A mixture of |>otassium chlorate and nitric acid has no action 
upon it [cf. carbon), but it disaolrcs readily in concentrated alkali 
hydroxides : Si * 2KOH + H^O KjSiOs or in fused sodium car* 
bonate. and bums brilliantly in fus^ potassium nitrate, or potassium 
chlorate. 

Amor]>hous silicon strongly heated in a closed crucible fuses, and on 
cooling solidifles to the dense crystalline grapkitoidal silicon, also 
formed by tlie reduction of silica in the electric furnace. Octahedral 
crystals of silicon, orange or black in colour, are produced by strongly 
) I eating iiotassium fluosilieate with sodium and sine, or with aluminium 
in an iron crucible, and treating the mass with acid r 3K^iF| + 4Al * 
4AIK3 + 38i 4 6KP. Zinc gives long ncedle*sha|iod crystals of athiitantim 
silicon, aluminium six-sided plates of graphitoidal silicon; both 
varieties are made up of regular octahe<lra. Crystalline silicon scratches 
glass ; it has a <lensity of 2*49 ; it does not bum in ox)*gen even w'hen 
strongly heated, but burns when heated in chlorine, and ignites s|>on- 
taneously in fluorine. When very strongly heated, it forms grey nodule*. 
It is attacked bv a mixture of nitric and hydrofluoric acids, or by fusion 
with alkali : w hen fused with sodium carbonate it displaces carbon : 
St 4 X a^COj - Na ^SiOj 4 C. A not her variety (densi ty 2 * 42 ) is formed on 
crystallising from molten silver. 

Silicon bydiidtf .^If a mixture of 2 parts of magnesium powxler and 
I part of drif amorplious silica is heatcil in a crucible a violent reaction 
occurs and mssatnam iiUciie. mainly Mg^i, is formed as a bluish 
(TS St a nine mass. Tlib* when treated with dilute hydrochloric acid in a 
flask from which air has been displaced by hydrogen, evolves a spon* 
taiifouslv inflammable gaseous mixture of silicon hydride* with hydro- 
gen : Mg^Si+4HCl-2MgCb>SiH* (Wohler, 18od). If the gas ^ 
bubbled through water, each bubble ignites in contact with the sir mo 
burns with a luminous flame, producing a vortex ring of finely-divided 
silica r SiH* 4 20, -SiO, * 2H,0 (c/. phosphine). 

If the aas is washed with water and dried with calcium chloride and 
phosphorus pentoxidc. and then passed through a tu^ ^Icd in liquid 
[it a liquid mixture of silicon lijxlricles is condensed, from which the 
following compounds may be isolated by fractionation : 

1 SiH.. m. pt. - IS5\ b. p.. - 112*. a coIouri«> 

et the o^Jinary temp.«.ure. ,ponUn««,sl>- .f tho 

other hydritlee and wmelimes if pure ; relative density 18 « (H ) . 
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decomro.wl when rai«e<l throuRl. a rcl-lwl lube, to twice ils volume of 
hvdroccn : SiH-* Si + 2H,. »vtUe notion of alkalw, four times the volume 
of lwdro.*cn is produrc<l : SiH, 4 - 2K0H K^iO, + 4li,- Tho rsb 
precipitates copper silicicUs t\i,Si from copper salts, and silver from silver 
salts: 4AgXOj + SiH 4 *Si + 4Ai» + 4HNO*. 

Pure mofiosilano is obtaineft by healing trielhyl silico formate (see 
p. C67) with ftxlium: 4«iH(Ot',H»b » + 3Si(OC,H»h (othyl ortho- 
silicate). 

2- DisUsae SijH,. a colourless r«». b. pt. - 14*5*. m. pt. - 1 32' a , stable 
St the imlinarv teinjicralurc but mpUlly decomporsc*! at 300" ; relative 
density 31? (H * I) ; inflnmM in thenir ; soluble in benseno ami carb<m 
diaulphi< le; Jccomp<we<l by alkalis : Si,H* + 2H ^ + 4KOH ® 2K,Si0j *• 7H«- 

3. Tiisilafis f'ijHi, a colourless licjiiid, b. pt. 53% m. pt. - 117*. decom- 
posing spimtaiicQusly at the <wUnftr>' temperature. Si,H, and Si,H* react 
vigomusly with carbon teimchlorido nml clilon)form : 2 CCl 4 + Si,H, « 
SSICI^ + 2C + 3H,. 

4- rsUMilsos Si^H,,. b. pt. 109*. m. pt. •90% leas stable than SijH*. 

S. SoUd bydhdes. probably Si|H)) and SifH,,. 
remain after fractionation. Brown solid tUkmi 
dihydride l^iHsl, is obtnin«<l by tlie action of 
glacial acetic acid or a eoUUion of HCI in 
alcohol on CaSi (prepared by hooting Ca and 
Si at 1050^) (Schwarz and Heinrich. 1935). 

No gaseous unset umied hydride* corre^wmd- 
ing with ethylene, etc., are known. 

Uy tho action of dilute alcoholic hydrogen 
chloride on <'aSi,. Haul sky ( 1 92 1 >23) obtained 
vlhte c)*stalhne silessas Si^OiH* : 

Siloxone inflames spontaneously in air and decomposes water. By the 
action of bromine on siloxene under carbon disulphide, yellow siUcal broa^ 
Si^OjBr, is forme<l, which is hydrolyse^l by walor into black siLeal 
hydrosds Si«0,(OH)« a base giving cobured solta. 

From SiH* and dry hydrogen chloride in proeence of aluminium chloride 
the substitution (>roductsSiHtCl. in. pt. • il3%b. pt. > 3*0&%nnd SiHsClt. 
m- pt, -122% b. pt, 8*.5% are formed: SiH, ♦ HCI sSiH,CI H,, From 
SiH^ and solid bromine at - 80*, SiH^Br, m. pt, -94% b. pt. l*9^i and 
SiH|BT„ m. pt. - 701*, b. pt. 6d% are formed. By the action of wnter 
on SiHaBr a colourlces, odourlees. combustible gas. disUeuns (SiHa),0, 
m. pt. - 144*, b. pt. - 15*2*, is produced: 2SiH|Dr + H|0 s (8iHa)|0 4 
2HBr, SiH|Bra gives presilosane SiKaO. which rapidly polj'merisee : 
SiHaBrt + HaO = SiH,0 * 2HBr. 


K 

Si— 0 

/\ 1 
HSl SiK 

o/ 


HSi 


SIH 

\/l 

Si— O 
U 


Halogen compound* of silicon. — Compounds of silioon with all the 
halogens of the type* 81 X 4 and SiHX), are known ; isolated compounds 
of the types SiH^Xg and SiH^X been prepared, and several 
chlorides not corresponding with the type 81 X 4 are known. 

Silicon tetrsohlorHe (Ber 2 etiu 8 , 1823) is produced when amorphous 
silicon, or the mixture of thU with magnesia obtained by heating 40 gm. 
of dry powdered sand with 10 gm. of magne^um powder, is heated in 
a current of dry chlorine: SI + 201* - SiCl*. Chlorine may al^ be 
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p&ssed over heated silicoD-iron. An older method of preparation is to 
heat an intimate mixture of silica and carbon in a porcelain tube in a 
stream of dry chlorine : SiOj + 2C + 2C1 j » SiCl- + 2C0. The products 
of reaction are cooled in a vorm-tube, when silicon tetrachloride con* 
denses as a colourless volatile liquid, density 1*50 at 0”. m. pt. -70°. 
b- pt. 56*S®, which fumes strongly in moist air owing to hydrolysis: 
8 iCl 4 ♦ 2 H 30 -Si 0 t + 4HCI. It forms dense fumes with ammonia. 
Silicon tetrachloride is also obtained when carbon tetrachloride vapour 
is passed over heated silica ; SiO^ + CCI 4 -SiCl^ + CO*. 

Hy the action of chlorine on tiealed silicon, tilieoa Crieh]oh6» 

(m, pt. - r, b. pt. 145*) and silicoa octschlorids Si>Cl» (b. pt. 210*-2I6*) aw 
also funned. Theee may be separated by fractionation. The trichloride is 
also produced when the vapour of the tetrachloride is passed over strongly, 
heated silicon. U is a colourless fuming liquid, the hot vapour of which 
igmites spontaneously in air. With water it forms sn explosive white solid. 
SisHjO^ or {SiO'OHlt, tilicen-oaslie acid: Si^l, + 4H,0 - (SiO|H), + 6HCI. 
The ociachloride with water forms a white powder of Bibcee-mesoei^c s^ 
H.SijOi the structural formula of which has been given as SiO|H.SiO.SiO|K. 
The compounds Si.Ch^ Si.C,, and Si.CI,, have been dewribed. 

The silicea brecaidw SiBr, (b. pt. I53*J and Si,Br, (solid) are formed m the 
Slim© way as SiCI,. and by the action of bromine on Si, I*, respectively. 
Si,Br, and Si 4 Br ,4 are formed by the action of the silent discharge on silicon 

bromoform, SiHBf,. _ ^ . 

Silicon Utmioiid. Sil, (m. pt. I20-5') i. formed from .od.ne vnpou ^ 
heate.! iilioon. When healed with fmely-div.ded silver at 280 . it for™ 
Lcoa W-irrfid.-. 2 SiI, + 2Ag = 2A«I-fSi.I.. The in-.od.de form, .plendid 

iTriT- d-ribed = 81.00. ,b. pt, .37*), (SIOCU 
(m pt. 77v! 81.0.0... Si.O.O... 81,0.0,. (all l.qo.d.). «parable 

by fractionation. 

's fr s ra.3 

at fractionated to separate silicon tetrachloride 

» -s tr.r- 

Tm-z “js: 

less voUtile liquid; 4SiHCl,-5>i + 2H, + 3isiCl,. 

is a powerful ^ by dilute olkslis 

acid.H'C0,H + O*C0, + K.Ol. Hisr^ b» 2SiO.+ 2H,. On healing, 
with evolution of into silica, s 

'’■''"““iO -^" + 3SiO^*iU. + 3SiO.. By the action of siUooa 



SILICON FLUORIDE ««’ 

chloroform on methyl alcohol or aodium methoxlde. methyl 

siHinCH I b Dt 104”-6° ia formed. With ethyl alcohol or oodium 

!thoSde. ethyl eihcoformato SiHlOC.H.l. ie obtained = 

Si SiH(OC,H,), + 3NaCl. These compounds vt analogous to orthofonmc 

“s^c'erbr^K'^Br. (b. pt. U6-. m. pt. - I00-, ia pranced by the 
action of hydrogen bromide in lieated silicon ; nUc« ipdofora Sim, 
(m Pt 8*. b Pt. c. 220*) is formed by the action of a mixture of hydrogen 
iodide end iodine on healed siUcon- Numerous mixed halogen compoun<l8 
of silicon, e.g. SiCl,br, are descnbed. 

Silicon fluoride.— Amorphous and cryatallino silicon igmtc spon- 
taneously in fluorine, forming gaseous siUcon Auonde Sih^. 
siUcon fluoride is obUined by heating banum fluwiUcate : BsSiFj - 
BaF,+SiF,. Silicon fluoride is more 

action of hydrofluoric acid on silica (Scheele, 1771). Si0t +4HF» 
SiFa 1 2H,0. Since it is decomposed by water, some dehydrating agent 
is added. UsuaUy a mixture of equal weighU of powdered fluorspy 
and white sand is heated in a thick glass fl«k «'rih th^ times its 
weight of concentrated sulphuric acid: 2 CaF, + 2 HjS 04 + Si0t- 
2CaS0^ + SiF. + 2H,0- The colourless gas. which fumes strongly m 
moist air. is collected over mercury. To free it from hydrogen fluoride, 
it may be passed over sodium fluoride. 

Silicon Huortde is a colourless, incombustible, strongly fuming gas, 
normal density 4-684 gm./lit. U solidifies without previous liquo- 
faction at - 97* under atmospheric pressure. The solid melu at - 77 
under 2 atm. pressure, and the liquid boils at -05® under 941 mm. 
presbure. Silicon fluoride extinguishes a burning Uper, but podium 
and sodium burn in it when healed : 4K + 2SiF4»KtSiF4 + 2KF*rSi, 
and heated calcium and barium oxides react with incandescent : 
SiP, + 2CaO-2CaF| + SiO,. It forms a white solid compound, 
SjF|,2NH}, with ammonia gas (J. Da^ 7 , 1812). 


SUicpa flaotoform SiHF,, analogous to silicon chloroform, b obUined from 
this by the action of stannic fluoride or titanium tetrafluoride : 48iHCU 
3SnF, = 4SiHF, + 3SnCU. It is a combustible gas. b. pt. - 80'2*, m. pt. 
- no*, which decomposes on beating •. 4SiHF,*3SiF, + 2H, + Si, and in 
contact with water : 2SiHF, + 2H,0 = SiO, + H,SiF, + 2H,. 

SlUccn triAvorids SiaF« IS a colourless inflammable gas, obtained by the 
action of zinc fluoride on silicon trichloride: Si^l, + 3ZnF| wSi,F| •¥ SZnCI,. 
It is decomposed by water: SljF^^ 2H,0»Si0, + H,SiF 4 + H, (Schumb 
and Gamble. 1932). 


Eydrofluosilicie acid. — The reaction between sdicon fluoride and water 
was discovered by ^heele in 1771 but was only completely explained 
by Berzelius in 1823. It gives gelatinous silica and soluble hydrofluO' 
silicic acid HiSiF^ : SSiFi'^-ZHsOsSiOi + ZHiSiFi. If hydrofluoric 
acid is added until the silica is just dissol'^, morebydxofluosdicio acid 
is formed, and the difficult filtration is avoided: SiOt + 6HFe HtSiF« + 
2H|0. The add is made on the lar^ scale (for lead refining, g.v.) by 
percolating aqueous hydrofluoric acid through sand. 
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H^t a mixtufe of 50 gm. of powdered fluorspar, 50 gm. of fine white 
sand, and 200 ml. of concentrated sulphuric acid in a stout glass flask (thin 
glass IS soon perforated) on a sand-bath, and pass the siNcon fluoride 
(fummg m air) into a cylinder, the dry deli ver>' tube dipping under meicury 

in a small crucible over a*hich water is after wants 
poured. This a to prevent the tube becoming 
choked by the gelatinous silica (Fig. 547 j. The 
silica is deposited in small sacs. eac)j enclosing a 
bubble of gas ; these should be broken occasion- 
ally by stirring with a glass rod. The liquid is 
filtered through linen, and the silica when wsshed. 
dfieil. and heate<l. is very puce (sp. gr. 2-2). 

A coiutrUrated solution of hydrofluosilicicacid 
fumes in the air. Tlic anhydrous acid is not 
knovT) and silicon fluoride and dry hydrogen 
fluoride do not react. 

Hydrofluosilicic acid is obtained as a by>pro- 
F. 0 . 3.7.-I>K.p.r.tion of the manufteture of superphosphate by 

hydrafluesilicic acid. treating nunerals containing apatite with sul- 
phuric ackl (p. 759). 

Pure hydrofluosilicic acid does not corrode glass, but on evaporation 
it decom{K)9es : H^SIF, -SiF| * 2HF. and Uie hydrofluoric acid formed 
corrodes a flask or porcelain basin. With steacn at liigh temperatures, 
crystals of silica arc formed. 

When hydrofluosilicic acid solution is titrated with alkali the follow- 
ing reactions occur : 



H^iF,+2KaOH -Na^SiF, (pp.)+2H,0 
Na^SiFi 4’4NaOH - ONaF +SiOt (pp.) + 2H,0. 

The end point, with phenolphthalein, is therefore reached when six 
molecules of base have been added per molecule of acid. 

Salts of hydrofluosilicic acid. flaocUiesus. arc prepared by the action 
of gaseous silicon fluoride on the solid fluorides : SiFi -f 2NaF « Nn^SiF^. 
The following are sparingly soluble and arc prccifiilatcd when hydro- 
fluosilicic acid is added to solutions of .salts of the metals : Na^SiFi* 
KtSiF|, Ba^SiF^, rare earth salts. The salts K^iF* and NajSiK« are 
formed as nearly transparent gelatinous precipitates; Ba4>jF« forms 
a white crystalline precipitate ; calcium and strontium salts are not 
precipiUted. The lithium salt Li,SiF, is soluble and precipitates 
NajSiFi with sodium chloride. 

Silicon carbide.— If a mixture of 5 parts of sand and 3 parta of crusjitd 
coke with a little salt and sawdust, is heatwl electrically to 1^*“ 
2200® by a carbon rod ijassing through the miuw (c/. grajihite), silicon 
carbide 8iC is formed : SiO,-*-3C-SiC4-2CO. This compound, dis- 
covered by Acheson in 1891, is manufartiireil in large qiianfitic.s for use 
a.s an abrasive instead of emery, .since it is nearly as liartl ns dinmond- 
Thc technical product is a black, coars«*ly-cryslaUiso<l mnss with a play 
of iridescent colours. 1 1 is inf usi I »le a n< I may be ii swl i n furnace - 1 tnnge ; 
it resists roost reagents hut fused sodium iiydroxide exposed to air 
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alowly acts upon it: SiC + 4NaOH +20, = NmCO, + Na^i 03 + 2H,0. 
Pure silicon carbide forms transparent, colourless or green, six-sjd^ 
plates, density 3-1 , and is obtained by fusing silicon with carbon in the 
electric furnace. 

Silicou carbide Im the same lattice aa <harrK)ml in which half the carbon 
atoms are replaced by silicon. TIm? silicon carbide in the eloetric furnace .s 
surrounded by a layer ofSitoxieon. which is said to be a definite compour^d 
SuOC, mixe<i with n little silicon monoxide SiO. but it may be a solid 
solution of silica In eilicon <-nrbUle. U is used os a refractory. A fibrous 
variety called Fibrox is tise<l as a l>eat insulator instead of asbestos. 

SilicoB bends* SiB, and Silt*, ver^' )*anl. are forme<l in the electric furnace. 
Silicon mlTides SiX,. Si,N„ anfl Si^\. arc formed when nitrogen is passed 
over heate<l silicon. Tlie nitride N^i— hisN is fi^ed by strongly heat- 
ing the piwlnct of interaction of Si, Cl* ami ammonia. 

Silicon diiulphide SiS, is forme<l in wliite silky necrilea by heating silicon 
in sxilphur vapour t it is decomposed by water into h>‘<lrogen sulphide 
and gelatinous silica. It is also forme<l by passing tlte vapour of car- 
bolt disulphide over a strongly heated mixture of silica and carbon : 
SiO, + CS, 4 - C » SiS, + 2CO- It forms long fibre-Uke molecules : 


"*/ 


s 




The structure of the siUcatas.— In the silicalea the fundamental unit U 
the erthosUieste isB SiO}”. in which tlie silicon is tetraliedrally furroun<lod 
by four oxygens. TIui distance Si— 0 is I 62A. and the distance 0—0 is 


o/ \o 


A 


2v7A., as determined by X-ray methods. Four electrons are drawn from 
the oxygens O'* to the silken Si**, and the Ion has the negative charge 
un i formly distributed over t he four oxj'gens. the cent ral sil icon being neutral . 
The tetrahedral structure is represented in projection, each oxygen being 
shown os a circle Q* ^ ^ ^ • . I he si licon being shown inside 

the oxygen at tlie apex. It must be noted that each oxygen is joined to 
silicon by only one link and is not joined to other oxj'gens. the sidee of the 
tetrahedron merely indicating the arrangement in space. 

1. In orthonlicates the SiOj* ions are independent, and the charges are 
balanced by the positive charges of cations packed in the lattice in the inter- 


Iw* 


O 


0*'0H* 


o o o O 


«4‘ 9 * 

SI 


■ « 8« 4 t4 

A1 Mr HsC4 


atices of the silicate ions. 'Hie rsidii of the metal (and silicon) ions are 
(except In the case of calcium and alkali meUls) small compared with the 
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r&dixis of the oxygen ion. so that the structure U practically determined by 
the packing of the ox>'gen8. 

In orthosilicatee the positive ions are usually bivalent, 6.g. in olivine 
MgiSiOf the SiO}* tetrahedra are arranged alternately orientat^ in parallel 
rows, with Mg** ions interposed • aa shown. Bach 
Mg** (shown as k ) is surrounded by 6 oxygens slightly 
distorted from an octahedral arrangement. 

S. In silicatea other than orthosilicates two types of 
oxyges liaksge are recognised : 

(o) The oxygen atom belongs to two silicon atoms, 
i^. is HnM o» both tides to silicon, when its valencies 
are saturated and the llnk^e is covalent. 

(6) The oxygen atom is linked on one side only to 
eiiTCOn, when it haa one negative charge which can be 
neutralised by a positive cation : 

_ I 

O^i— 

I 

For example, the ion Si,0}- may be reprseented as two tetrahedra meeting 
iji a comer. The oxygens 1 to G (type b) each contribute - I to the valency, 
but the oxygen 7 (type o) is linked on both sides and is neutral. 

0*Si^5 

4 9 




3. Various more complicated dlksU »ai may be built up from Xho 
fundamenUl SiO}- group in the manner shown below. Each aiwgement, 
which contains linkage* of typ« a and b. forms a self-conUmed wion. 
neutralised by poeitive cations in the lattice. The anions may consist oJ . 

(-41 Biaxa of 3 4 or 6 silicon atoms with on equal number of oxygen 
atoms li^ed on both .idea between them. The valency of ^h gmup « 
given by the number of oxygen atoms linked on one stds only (case b) to 
silicon ; e^- numbeni 1 to 6 in the first figure : 




THE STBUCrrUBE OF THE SILICATES S71 

Tn the fi«t («) each unit as shown between dotted lines oontains one 
siul slS ■‘^ked to two oxygens of type *. i and 2. givntg the valency 
of - 2, and sharing: two half-oxyg«ns 
3 snd 4 of typo a (valoocy toro) with 
two other silicons ; i.e. each silicon is 
associated with 2 + 2«l»3 atoms of 
oxygen in all» making up the meta- 
sUicate ion, SiO|-- The end tmita. 
making up only a small fraction of the 
lattice, are disregarded. 



JP X 

Ifetasilicate t.g- 

C4*^Mg»*(8i0r)r 


The'second arrangement (^) b formed by joining two (a) arr^gem^ts 
through the oxygens marked *. thus forming a band from a chain. 

^ unit shown between dottad 

lanes contains 4 silicons 

associated with 9 -h 4 x ^ s 
11 oxygens in all, and of 
these 6 are singly linked 
to silicon (type 6), giving 
the valency - 0 to the unit. 

(C| Sheets extending inde- 
finitely in area, formed by 
linking bands of type 
through oxygens merked 
I. Three oxygens of each 


(fi) 



&I«tst«trssilkste [8i<OtrU> <•] 

Cs,Mg«(SiAi)i • Mg(OHh. 



tetrahedron are linked on both sides snd have sero valency, one oxygen is 
singly linked and has the valancy - 1. The unit of such an arrangement, 
ri^own between dotted linea. is SijO}“ ; two silicon atoms 
are linked with 3 4> 4 > i s 6 oxygens, and there are 2 singly 
linked oxygens (type h) giving the valency - 2. It is 
unnecessary to draw the arrangement [Si\0{*),t in full, as 
it is easily visualised as formed of two p strips. This is 
the ion of the disilicatee, 9^. talc, hfga(Si,0|)». Mg{OH),. 

In mice, one in four of the tetrahedral groups of oxygens 
surrounds Al instead of 8i (sea below). The arrangement 
iy) is also a disiUcate, the unit being again Si^OI’. Any arrangement 

of SiO« tetrahedra in sheets, linked 
through oxygens, gives the same imit 
ion. 

<£>) If ev^ comer of the SiO]' 
tetrahedron is linked through oxygen 
we obtain a tbrM-duDsnnonsl lattice. 
Every oxygen is shared and there 
are no free valencies. The structure 
contains two oxygens to every silicon 
atom and is electrically neutral : it b 
silica, tha structure of which has been 
represented in thb way on p. 659. 
If. however, a silicon b replaced by an 
aluminium ion of charge + 9 instead of + 4. tetrahedrally surrounded by 
four oxygens, the ceat^ Al now has a charge - 1, since it b unable to 
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neutralise the 4 negative oxygen charges dran-n to the centre. Tins extra 
charge may be balanced in the lattice by additional cations. The arrange* 
ment is present in the aluminosilicates ; (NaAI)Si,0, forma CaAIjSiiO* 


by replacuxg NaSi by CaAl: 




Replacing some silicon by aluminium gives a large negatively charged 
lattice, like a vast extended acid radical, which can absorb cations to assume 
electrical neutrality. Examples are the zeolites, the sponge-liko lattice of 
which remains unaltered when metal ions are exchanged, e.j. Ca** for 2Xo+. 
This explains the ready exchange of such ions in water softeners (p. 185). 



CHAPTER XXXV 

METALS AND ALLOYS. SPECTRUM ANALYSIS 

MeUls.— Only a few metaU. vi«-, gold and the platinum metals, 
usually occur in the raeUllic or native atat<? ; the rest occur as ores, 
mostly oxides and sulphides, or carbonates and sulphates, although 
some metals, e.g. copier, silver, and mercury, are also found native. 
The principal methods used for the eitrsctioc of b«Ws may be briefly 
summarised. 

Native eoj>i>er, gold and the platinum metals are u-orke^l up by rerining. 
Other industrial proc«Mes for tlie extraction of metals include (small scale 
extractions in brackets) : 

(1) reduction of the oxides with hydrogen : tungsten : (all ineUls with 

atomic weights greater than that of manganese) ; 

( 2 ) reduction of oxidee with carbon : zinc, cadmium, ahiminiuin 

(electrolytic), tin. bismuth, manganese, iron, cobalt, nickel, leotl. 
copper ; titanium, zirermium. tlK>rium in the electric furnace : 
many special steels by simultaneous reduction of the oxide with 
carbon and iron 5 (metals after group HI, tome at high tempera* 
itire in the electric furnace) : 

(2) Induction of oxides with aluminium (rAerauV prcct »$) : chromium, 
manganese, (molybdenum, venadium, cerium) \ (on the small scolo 
magn«hum, or mischmetaM, p. 821, may replace Al) ; 

(4) oxidation of sulphides, either directly by atmospheric oxygen as with 

mercury (KgS 0|« Hg •f SOs>, or by ]>artjal oxidation ami inter* 
action of sulphide a*ith oxide or sulphate as w*ith c(tp|>er (p. 719) 
and lead (p. 834) ; 

(5) reduction of sulphides with iron : antimony, tungsten, (mercur)*) : 

(6) electrolytic processes : elect rol>‘si8 of (o) fused hydroxide for sodiiun 

(potassium, etc.) \ (6) fused chloride for magneeium and calcium 
(ber>dUum. strontium, etc.), or tlie oxide dissolved in fused cryolite 
for aluminium ; (c) solutions of salts for copper. silN*er, gold, zinc, 
nickel, chromium ; (with a mercury cathode for several metals, 
followed by heating the amalgam) ; 

(7) special proc e sses % carbonyl process for nickel (p. 910). 

Alloys. — Two or more metals when fused together usually (but not 
always, zinc and lead, p. 730), form a homogeneous liquid, and the 
metid formed on soLdifieation is called an alU>^. Although the prepara- 
tion of alloy's by fusion is the method commonly used, the strong com- 
pression of iinely-powdercd metaU, the simultaneous electro-deposition 
of the metals fn>m a mixed solution (e.g. copper and zinc in the form of 
brass, from a solution of the cyanides in potassium cyanide), and the 
reduction of one or more of the metals from compounds in the presence 

873 
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of tlic otlicr Rx^tal {e.g. tungsten and iron compounds in the electric 
fumacc), are alternative processes. Alloys containing mercury are 
called a ms. 

An alloy may be cither homogeneous or heterogeneous. The homo* 
gencous alloy may be r (i) a solid soltdion ; (ii) a purs chemical com- 
jKiund', or (iii)aso/idso^«n*ORo/acom/K)un(f inexcessofoneofihe meiaU, 

If the alloy is heterogeneous the separate phases may consist of : 
(i) pure melaU ; (ii) one or more pure eompouTtds ; or (iii) so/u/ions of 
metals or their compounds, in tnctab. 

Compounds of metals with non- metals may form alloys ; hard s^l, 
|)repare<l by quenching, is a solid solution of iron carbide FejC in a 
particular allotropic form of iron (y-iron). 

Freeang-point curves of alloys.— The class to which an alloy belongs 
may he determined by an examination of the freezing points of fused 
mixtures of the metals- For simplicity consider only two metals. 


Conai<ler first the case in which no chemical compountU are formed {e.g. 
antimony and lead)- If pure antimony is fused and allowed to cool it 

8oli<lities completely 
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at the temperature 
63U^ shown at A irv 
Fig. 34^. If a liltls 
le^ is a<lde<l to the 
fused antimony, the 
alloy begins to soli- 
dify at a tempera* 
lure a little l^low 
the freezing point 
of p\ire antimony, 
euice a difwolvetl 
substance loweretho 
freezing point of 
antimony (provided 
|ntre an I imony Mj>a • 


40 SO 00 

Per cent lead 

Fio. 348 .-Fre«irw t“"« ” •"limony l«i<l. 

* « 9J0) Increaainff amounts of 1 «mI cause a lowering 

a curve. «lnce the l««* cf bv D 

r .1 tv.v if the freezing point of pure kwl w re >rosente<l d> o 

to >cu.. ceusce e Wen.-K of frcc.o« 

poin t „,„i,n.,..v of .ho c<.m,-»i.i™. correepoa.ling 

in C *6 V «n. of lV».l) i, r.K,lo.l. load end ennn.nny 
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XXXV) FRBEZlN^a-POINT CURVES OF ALJX)YS BTf. 

Kow consider whnt impiwns when a fus«^l alloy represents! by I lie (.oinl 
X iOO per cen t lead J is cooled. 1 1 remains 1 U|ai« 1 1 m t il t he t cm | >cml ure I ma 
fallen to such a point Uiat the freozmis- point eun-o . 16 * is r^'oehsL liiw 
cun'e corresponds with the separaticH^ of «did antimony, and this will 
€r\'8ta!li30 out- The litpiwl alloy renwininc h enriclMS<l in leoil an<l Jls com. 
position falls to tho right of 05 jw cent of lead. Tf> cause more soh<i imii- 
mony to separate, tho temperature must lie loworo<l slight ly. ami licm c 
further eolidihcatum of nntinuwiy corres|H»ndA uith U*m|»emturcs along tho 
curve until the point C is reachwJ. wlten lead begin* to «ei«imto as well und 
tho whole solidilies at the constajit tcm|»cralare of the out<H*lic jioint. The 
corwtanl temi>emture corresporaU with the ronslunt comiKmiiion of the 
liquid during solUUficftlion. since nut i mony and loud now ec^wwto in ilu* 
same ratio os tliey exist in tho li(|oi<l. 

All completely soliilifioil alloys the left of C consist of crystal* of anti- 
mony niid a cutwlic s*dUI mixture of entirnony and lead- 

By vonsUlcring a point in the liqaid alloy above the lino fiCs it will Ik' 
seen that, on cooling, j«ire Icml will sejiamto wlien the tornjioniturc falls tt. 
a point on BC. On further »>! m Uf lent ion, tlie lic|nid alloy is enrichod ui 
antimony until the eutectic point C le reached, wlien lonci on<l anlimon>* 
separate in a const luit ratio until 
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all is solid. The solid to llie 
right of C consist of crystals 
of lead in a eutectic mixture of 
load and antimony. 

In the sccontl tdoco cunsUlor 
an alloy in which metnilic com- 
poundt art formed, say tin and 
magnesium, which f<inn Mg^Sn. 

The freezing-point cun*e b 
showTi in Fig. 349. 

The compound Mgt^n Ima a 
de5nite melting point 783 4*, 
represented by C. If pure tin 
is added to tlie fus«l cutn|>otu)d. 
or to a mixture of tlie metals 
ui the correct proportion*, the 
freezing point is low’crcd. The solid soimmting along C£| Is puro Mga^n. 
Finally a eutectic point is reached, at wdiich MgiSn and scporulc 
together. If magnesium is added to pure tin, tlie freezing point is 
depreeoed along A£i, tiu) solid separating being pure tin until Ei U reache<l, 
w’hsn tin and Mg^Sn separate. Tho solid alloy oblninod on co<>iing u llipihl 
mixture of composition C wdll bo homogeneous Mg,Sn. An alloy formed by 
the complete solidification of a liquid of a composition enclosed within the 
verticals betw’een C and Ei will consist of crystals of Mg,Sn oml>edded in n 
matrix of a eutectic mixture of Mg^Sn and tin. 

Similar relations hold for addition of excess of magnesium to Mg,Sji, or 
tin to excess of magnesium, when a second eutectic point £, w ill appear. 
Between and B pure megnesium separatee, between and C pure 
MgtSn, at Et the eutectic Mg«Sn with magnesium separates. 

If we commence with pure tin and add increasing amounU of msgnosium. 


Fjo, 349.— Freezing-point earv'c* of binary 
alloy forming one compound. 
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tlio freezing mnkc up llic nin*e AEiCE%B, which ]ia$ a inaximuni 

nihl two eiitci'tic’i. A curve of this t)*pc is clmractorJ^^tic of tho formation 
of ono ccin{M)niM]. If there arc two eompouiiJi thero will be (wo maxima. 
Aiiil so on. TIio roimfie<l form of (he mAxitntnn imlicates (i)at (ho compound 
lA partly <liss<xnnte<l in (he Ihjnid stnto ; ^2Mg + Sn. Tlie micro* 

Kco(iiu Qp|)caraikce of a j>ure metal, or of an alloy u’liich is a dehnite com* 
pouiKl, is (hat of more or less large crystals xvhich are ptoctically in contact, 
since there is no eu(eel»r matrix. 

The ordinary t alcncv rulea cease to appl^’ (o all<» 3 's (in(er*metaUic com* 
pounds). An empirical rule (Hiime*Rothery, 1920) states that the ratio 
of tlio nund^er of atoms to (he number of valency electrons is the same 
for structurally analogous cum|H)un<ls : e^. 13: 2! for CuiZn,, CuiAl^. 

^*3 fof C*uZn, CM^AI, Ag>AJ, Cu,Zn ; and 1:4 for CuZn,. 
AgZn,. Agenda* In com|»oun<ls of Fe. Co. Kl. Pd, and Rh the valency of 
these elements must be taken as zero. 


Spectruu Akalv$is 

White light, when passed through a glass prisnt is broken up into a 
series of colourcti ravs called a spectrum. The rays of different coban 
arc bent or refracted by the ])rism to <liffcrcnt extents ; the spectrum 
allows the colottrs in the order : red. orange, yellow, green, blue, indigo 
an<l violet, the red being least refracted. TIus is a cachniioas ipoclroa 
without any ga|w- At the red end beyond tho visible nart, are rays 
which may be detected by (heir heating effect. These arc the idra-rad rayi. 
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^ Fio- 35*1. 

IJcvond llir viclcl tiu-rc an- also invisible- rays, «iii.-]> may be 
b/causinn tlio Hiiorescoinv .>f <|i»iiiiiio c.tlioraubstu.K-os. 

Tliose are the oUra-aicJal ray*. . - . 

Each kind of radiation has a denmlo waTe-lewib A. The 

waves are the l.mgcsl a.sl the ultra-violet waves 

wavesareverN long: X-raysnnd y. rays a very short. 

nf rwliufirm are usiinllv ineasiinsl in leiifh moires, r.r.. U n . 
of M<liat ion . ^ 

•riie Vilb- :\lVu.,u, (.slia-iclt ex.eml* only oier tbe- very restriCe.l 

'luanluir^If -inons .il... b<a..sl on ,.lu.in«n. nm- in « 
Bunsen Hilmo, impart cbnra.ten-ti.- .-oUnirs to Ibe llaiiie , 

«..!(«• vfilow thalUnin salts : green 

1 iHm salt's* lilac .stftrtJtluin chh»ridc : red 

li'tbinin salts i 'erin.son caleiu.ii eblori.l.- : oranpc-rec . 
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If the light emitted U passed througli a prism, the spectra consist of 
separate lines, each corresponding with a <leftnite wave-length, i.e. 
tiiov are line ip^ctra : the spectrum of every element is characteristic, 
and can serve for its identification. Tliis w Die principle of ipwiron 
Maiysis, introduced by Butiscn and Kirchhoff in 1850. 

The spectra of salts usually correspond witli those of the metaU con- 
tained in them ; that of sodium chloride is identical with the spectrum 
of metallic sodium. The salt vapours at the high temperature of the 
flame are dissociated into their elements. In some cases a comfiound 
shows a characteristic spectrum ; calcium chloride first gives a spectrum 
of the chloride, and later a spectrum corresponding with cilcium oxide. 

The band spectra of molecules consist of luminous bands, often with 
a fluted appearance (Fig. 351). A s|»cclroscopc of high resolving 
power shou's that the bands consist of large numbers of fine lines. 



Mo. 351.— Line amJ bond spoetr* of nitrogen. 
(Sy ^ A. 


Line s ro are prod ucod by at oms. bami spcct n by ml^l e<* idea or rac I icals 
(sometimes not known as stable forms, 0} or TO). A band spectriun 
consists of relatively widely separaietl gn)U|» of lines, each group due to an 
electronic energy -change as in the peoiluction uf line si>ectra (p. 427). In 
each electronic group there are lines <hie to changes of Die vibrational 
energy of the atoms in the molecule, and between pairs of these vibrational 
linos there are e<)uslly spaced Unos closer together and due to changee in 
the rotational energy of Die whole molecule. Tlie electronic, vibrational,, 
and rotational energies are quantise<l, ami the einieture of bond spectra 
will give information about the interatomic diatancse anil angles in mole- 
cules (p. 439]. 

Electronic spectra occur in the ultra-violet or visible region. \*ibrationnl 
transitions are usually accompanied by rotational, and the vibration- 
rotation and rout ion spectra (gwierally observed as absorption bands) 
occur in the near and for infra-reil when present alone, but when they form 
part of the fine -structure of an electronic band they are found in the 
corresponding part of Dm spectnun. 

^ Raman spectra (p. 439) the frequency-difference between the incident 
and changed lines is equal to a vibrational frequency of the scattering 
molecule and is independent of the frequency of the incident light. In this 
way Die molecular vibrational frequency appeals in the visible spectrum 
yid IS more easily measured tlian in an wdinary absotpUon spectrum in the 
mfra-red region of the spectrum. 
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The spectroscope. — The s|»ectrosco|)C was it) veil ted by Bunsen and 
Kirohhoff (Fi?. 352). 



It IiA^ Q prism (1 of Hiht.giajtt. »u|)]ior(e<l on an iron stand, and a brass 

tube 6. called a collimatur. hlletl at the end farthest from the prism with an 

octjxistable slit d. In 

this way n narrow line 

of li^ht from the Bunsen 

flame e, in wliich tl>e 

substance is heale<]. is 

f«>ciised on the prism. 

llko mys being made 

|tamhel by a lens in 

the collimator. The 

light pAMing through 

the prism is receive<l 

by the ielesco|>e /, which 

may be move<i round so 

as to embrace any part 

^ . . of tho spectrum, and 

Fig. 352.-S.mple spectrosco,^. 

gives Q magnified view of tl.e spectrum in the eye* piece. In owler to tix llio 
jKisitjon of any i»articular line, ll«5 imago of a rIohs scale lixwl in tho third 
tube j/. and dluminate<l by a luminous gas flame w tlm>uTi by reflexion from 
the face of tlic prUm into the telo»oo|»e. and apjieaw alwve thcsjiectrum- 
Tho position of l lie lino is then rood off by com|MiPw>n with this scale. 


Production of specUa.— The spertra of gases mfty be observed in tin* 
light emitted by the gas at low pres-sure ( 1-2 mm.) when siibjoeteil to 
the electrical discharge from a coil in a (ieissler tube. \ olatllc salts may 
be lieatctl on platinum wire, moisteniHl with 
hvclrochloricaehl. in a Bunsen flame : or a small 
fui?ecl bead of the salt (usually the chloride) 
lieatccl on the wire. The spectra of licpiids may 
be obtained by taking electric sjiarks near the 
surface U-tween platinum wires, as ahowti m 
Fig 3.>3 The spectra of difficultly volatile sub- 
stances are obtained by heating a small ^juan- 
tilv of the material in a little hollow in the lower 
carbon rod of an electric arc. The sfjectra of 
some metals (c.g. iron) may be obtain^ by sink- 
ing an arc, or |>as>ing powerful siarks, lad ween 
rods of the substance. 

The swctrostvjie can sliow the pri'sencc ot 
verv minute quantities of certain elements— far j 453 ,_ApparaiiH 

below the possibility of detecticm by ehenneal pr^duruig <>i^Tk 

analyse. A quantity of -l-stra. 

An dctecte<l and all orditiarv materials show 

practically bo oxtiiigiibilio'l t.y traces of other substances. 
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The soUr spectrum.— In 1802 Wollaston, examining sunliglit ))y 
means of a prism, noticed that tlic afieilrum was cros.<«.*d by a large 
number of fine bfaek linos. Tlicse dark linos, carefully mappwl by 
Fraunhofer in 1814. are called Frauabofer’* Ub« and the most im)>ortant 
are designated by alphabetical letters. Fmiinfiofer suggested that they 
were caused by the abserpthn of the particular |)arts of the spectrum 
by tlie passage of the light through the atinos))herc of incandescent 
gases surrounding the sun. Kirch hoff in 18G0 repeated an experiment 
made by Foucault in 1848. He brought near the slit of the spectroscope, 
through which he was examining the solar 5|)ectrum. a flame charged 
with sodium vapour. The two very ncarlj* coincident dark lines in the 
solar spectrum, called D by Fraunhofer, at once changed into tlic two 
bright yellow lines of the sodium spectrum, which were therefore 
coincident with the dark D dines of the solar s|)ectruni. Kirch hofT then 
exchanged the sunlight for limelight, which gives a continuous s|)eetrum 
having no dark lines. On placing a sodium flame between the source of 
this liglit and the slit of the spectroscope, the two dark D- lines at once 
appeared. 

Kirchhoff pointed out that this result U easily explained by sup- 
posing that the sodium flame absorbs the same kind of rays as it emits, 
\vh i 1st it i s t ra nspa rent to other rays. I f the intens it y of t he light passing 
through the flame is greater than that of the liglit emitted by the flame, 
the absorption will cause such a weakening of intensity in that part of 
the spectrum that the lines will appear dark in contrast ^^'it)l the rest of 
the spectrum. 



a stream of hyclrogen through a Woiilfo's bottle in which hydrogen 
is produced from tine and <iilute hydrochloric acid containing common 
salt. The gaa is burnt os a large flame, col* 
oured yellow by sodium from the ^)nvy, at a 
burner (Fig. 354). A amali liimscn burner with 
a bea<l of sodium chloride is placed in front of 
the large flame. The outer (nlge of tlio small 
flame ap])«ars dark against tlie bright yellow 
backgrouml. 

The presence of sodium vajmiir in the at- 
mosphere of the sun may be inferred from 
the dark lines in the spectrum. Tlie bright 
parts of the spectrum teach us notliing. 
because they are merely parts of the con- 
tinuous spectrum emitted by ony body raised 
to incandescence. The dark lines of the 
spectrum, corresponding with absorption in 
the solar atmosphere, indicate the presence 
of corresponding elements in the sun. Cer> 
tain stars and nebulae show bright lines on a dark ground. These 
correspond with elements present in the masses of incandescent gas or 
vapour. 

T^e spectroscope opened the way to the chemical examination of 
bodies in space; the rays of light coming from the most distant stars 
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FiC. 35t. — Revera&l of 
■odium line. 
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ri'veui the* cfiemjou] comjHXNitiun of tlie himiiitni:^ matter wHU a.s much 
c^ertniiity ns if the millions of miles of intervening sjiace had lieeii 
annihilatoU. and n of the star plaml on the laboratory bench. 

Absorption spectra. — If white light [mssos tfaroiigfi a transparent 
coloured body, such aa ruby glass or a solution of indigo, the emergent 
light when cxAininot] hv the >i>ectrosco}>e is found to have lost certain 
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Kio. — Absnrptiofi sfictura of blooir. 


jarts of the sj>ectrum. These 
liave been almorbe/f. and the re- 
maining |»arC of the s])ectrum 
eom*s|K>h(U uilfi the colour of 
the bmly. A solution of copper 
sulphate remos'es nil tliesjrectrum 
except the blue (uid ; a solution 
of jwlassium dichromnte removes 
all except the red end. In other 
eases dark bands, corre<[>ondjr)g 
>«i(fi absorption, cross various 
parts of the s|KH'trum. 

Till* ulMirptMm KjxHUra of ^lalt 
fl4»liiiiiMis un* ncui'ls' always maiia 
up of laie or (wo t*c(s of Imruls, 
corrc^jKiiuhng with ono or both of 
the (WO iiHts. All |icrinnngajintes 
show the Mime Imuds. dinrui’toriAiu^ 
of i1k« ion MiiO/. 

Tlio nl>H<*rj>(ion sjieetru of blood 


are shown in Kig. No- I sIkw*® two dark Isnids, I) imd V.. <luo to 

oxyhuritu^gloUiri, given by oMdiscsl UIihmI. No. Z shows the absorption 
s|HH trum of dfoxuliseil bk««r. in which thepe is only one <hirk Inintl. due 
(o haemoglobin. Ry the aelhai of ocmIa <in hJoo<|. the haeumghibin is 
convened inlo Iineiiuitin. tlw* oxhIwoI and iie-oxi<liscvl forms of which 
give I bo spiHUra Nos. 3 iiihI 4. (*urb<m mmioxiile, nitric oxide and KviIm- 
cvuiiic acid form com|«nuids with hneiixoglohm giving cimraoterwtie 
iibsorption sjavira. and this is iisoil in dHCHlirig rnrlion irionoxido ni 
ru^cs of poisi>niiig by that gas. 

An imiioriant uppUration of abs.»rpliou Imnd siHvirw is in ihedelcnmim- 
lion of beats of diss^wiaOoti. (‘oii-sider .1 gas of djutoinic rrmlc- 

Cldcs A. urn I soiir**’^ it to !«• imv.TMsi by radmiuNi of fospiemy • whiib 
in ubsoriHsl. (This will usually U* ju the idlru. violet.) The molcvulf 
»l«.irhs a o mint urn br which brings aixaii a vibruliou of iho two iitoma. 
T^iibsorption is mnrkeil by a vihrntloiml line in tlic alisorj.lJon apeiurom. 
nod this usually has a bnc-stnictim* dm- to nnntiori (p. ^ » mcrccscs, 

a suivcssion of vibmiional-rota(»ori.d levels is imvenud, the linos draw nig 
loser lUKl cUiscf «igetI«T l>e.-Aii*‘ (Ik* x'lhmtion is iiol a snntdo hnnnunic 
inotion ami departs fiom this all tlw more as I lie AmpUtude inm‘a 5 .*s. 
When tlio amplitude of vibration curries (lie two atoms beyond the range o 
» . . -n /.» 4 V#* ( he V seimra t e a nd l lie 1 1 mieciile tl 1 ssoeia tes . A j - ^ . 

-nr.:":; 
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required to dissociate the niolecul© is <or where M is Avo^lros 
number, per mol,) This may require correction if one or both of Uie atom« 
A formed is excited, i.e. has more energy than in tlie normal stole. 


CHAPTER XXXVI 


THE ALKALI METALS 


Ghou? I of the Periodic TMt contains two groups of ntctals> (i) the 
even series or sub*group o, of t)ic alkali metals, and (ii) the odd series 
or snb 'group h, comprising copper, silver and gold. The odd and eren 
series show startling ditTercnces, and would nes'cr liave been brouglit 
Into the same group on purely chemical grounds. 


The alkali metals are tlie in<«t slrruigly ele<*tro|Kv<t(ivo oleinenU knov^7). 
the positive character iiicrctising with atomic weight from lithium to 
cAcsiuin. The elements of the o<hl series liave a much lose f)r<)nounco(J 
clc<'tro|>(>si(ive character and this decrcascH with rise of atomic weight, 
gold being one of (ho moel weakly elcrtro|Kuiitive metals. The alkali 
rnctals oxidise with tl»o greatest ease and dec’omftose water violently: 
c<ippcr oxidises in nir only appreeiably on hooting and decomposes water 
only at o very high tcm|icfature, whilst silver and gohl arc “ iiohle " 
metals, w hich can be hcateii to redness in air without oxidation. Lithium 
show's marked differences fn»m the utlier alkali metuU and in many ways 
resembles magnesium, iu neighbouring element in CIruup 11. 

The alkali metals arc all univalent in simple compounds and salts, 
but show coralcncics of 4 and 6 in some compounds wdtb organic sub- 
stances, sucfi as sa(icylaldeh)*<lc : 





-X f/”-Y 

J I 

:H:0/ 

M - Li, Na, K. Rb. Cs. M « K. Rb, Cs. 

Copper shows ordinary valencies of I and 2, aiul sometimes 3 ; silver 
valencies of I and sometimes 2 and 3. and gold valencies of I and 3 of 
more ncarlv equal stability. Tlic alkali metals show no tendency to 
form complex compounds, but this is very marki.Kl with copper, silver 
and cold, which form both cation, e.g. (rH(KH 3 ),iS 04 , and anion, e.g. 

KrAirfCNhl, complexes and these elements nUo show a marked tendency 
to form covalent comfmunds even with the strongly electronegative 
halogens, which tend to remove electrons from metal atoms to form 
positive ions. Ci.pro.iS l.nli.les l.nvc n..n.io.,>c (r.inc i.lende) In t.ee^ 
Ind fuse-d cuprou-s el.lorido is ..ot a BooU oonduetor (altl.m.gh 
fuseJ silver cl.loridc is), ainl in the va|»ur state the molecule 


'\ 
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Tlje alkali metal vapours arc la^ly monatomic, but soUium vapotir 
(mol. vt. 24-26) contains some Xa* molecules (Rodcbusli and Walters, 

1 930) . I n solut ion in t in . sodi u m is monatomic . The metals all crysta I* 
lise in body -cent red cubic lattices. They form salt .like bydnde* MH 
and balid«s MX. Tlie basie wid«i arc M,0, but the higher o.’^idcs, 
LijOj, and M,0,, MjC,, and MO, uilh Na, K. Rb and Cs, arc 
knowTi. Tlie metals are very reactive and combine directly with 
halogens and sulphur, and lithium with nitrogen. Lithium reacts 
rapidly with water and sodium violently, but the hydrogen liberated 
does not indame; potassium, rubidium and caesium react witli in* 
creasing violence and the hydrogen inflames. 

The alkali metals are reduced from their compounds only with diffi- 
culty ; the hydroxides are reduced by carbon at high temperatures but 
most easily by elect^ol,^*sis. 

Since the ammonium comi>ound 8 , containing the positive univalent 
sBmo&iQtt radical NH 4 , show very close resemblances to compounds 
of the alkali metals they are usually studied along with the latter. 

The properties of tlie alkali- metals are shown in the tabic below. 



UWw. Mna. 

r«Uwiua. 

EuWdlu& 


Atomic number 

. 3 II 

19 

37 

55 

Electron conCigunition 

. 21 

2SSd 

2*8*18 

2*8*18 



•8*1 

•18*8*1 

Density at 0* • • 

. 0*9 0'972$ 

0*859 

1*525 

l*9U3 

Atomic vohitne • • 

. 12*9 23'7 

45*5 

56*1 

09*8 

Melting point • • 

. ISO" 97‘9* 

02*04^ 

390* 

28*45* 

Boiling point • 

- 1336^ SH2*9* 

702* 

700* 

670* 

Colo^ir of vapour 

T \miM. j*ri)o« 
R«ceTW«iw* 

eKH’ii 

et<«aub*bius 

blue 

Action on water 

»lov rajM : 

rseU : 

tavl4 : 

npM ; 
hydioflco 
bvei 


bvdfesra 

not 

hy^raren 

buriu 

brdn>sra 

uujTia 







Ka/> 

K,0 

Bb,0 

Ci,0 


LitO NOtOt 

K,0, 

Rb,0, 

CSaOl 

Oxidsa « 

. LitOt. 

K,0» 

Rb,0, 

Cs,0. 


KaO, 

KO, 

RbO, 

CaO, 


KaO« 

KO, 




The salts are colourless unless the acid ion (e.g. in chromates and 
permanganates) is coloured. The polysulphides are >'ellow or red. 


SODilTM 

History — Metallic sodium and potassium were diseo\'ered by Dasy in 
1607 ; the method (electrolysis of fused caustic alkali) was first tried with 
potash, and potassium was the first alkali motal isolated. Davy says : 

" A email piece of pure potash whudi had been exposed for a tew seconds 
to the atmosphere, so as to gi\*e condiMSting power to tlto surface (by 
attraction of moistur©, ami alight doliqueecence], was placed upon an 
msulatod disc of platina, connected with the negati\'o side of tho battery 
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... in a st&ta of intenso activity j and a ptatina wire, commiudvating with 
the positive side, was brought in contact with I ho upper surface of the 
alkali. . . . The potash b^an to fuse at both its points of electrization. 
There waa a violent efiert'eecence at the upper surface ; at the lower, op 
negative surface, there was no liberation of elastic fluid, but small globules 
having a )»gh metallic lustre, and being precisely similar in visible charac. 
ters to quicksilver, appeared, some of which burnt with explosion and bright 
flame, as soon as tliey were formed, and others remained, niid were merely 
tarnished, and final])’ covered with a white film which formed on their 
surfaces. These globules, numerous ex|)eriments soon showed to be the 
subNtance I was in search of. and a |)eculiar inflammable principle the basis 
of {M)te8h.*‘ 

The experiment may be carrie<l out by laying a pie<a of moist stick potash 
on a piece of platinum foil connected with the negative |>ol6 of a battery, and 
touching the potash with a platinum wire connected with the positive pole. 

Cay*Lussac and ThenanI in 1806 slH>wed that when molten caustic 
potash or soda is brought in contact with reddiot iron turnings, the iron 
is oxidised and the alkali metal distils off. At the same time a coi^idorable 
amount of hydrogen is et*olve«l. The caustic alkalis were then recognised 
as bydroxides, KOH anci NaOH, of the metals potassium and sodium, not 
the oxi<lea as Davy auppoaed. 

The presence of hydrogen in caustic |K)tasli or mxIu nmy be shown by 
heating a mixture of the |K)W’dere<l alkali with inm lilings in a hanhglass 
tube. Hydrogen is evolve<l. and may be ignited at a jet lixe<l to (he tube. 


Metallic sodium .^Sodium may be obtained by heating sodium 
peroxide w it h carbon , or sodiii rn hydrox ide w ith mngnc.'tiu m . A 1 1 h ough 
first preparc<l by Davy from .sodium hydrtixidc by electrolysis : 
2NaOH B^Xa * (cathode) •• O 3 (anode), 

metallic sodium was for man)* years protiuccxl cm the large scale by n 
process due to Castner (Ibbfi) : sodium hydroxide was heated w ith 

carbon and iron at 1000*: 6 NaOH + 
2C - 2Na + 3H, + 2NagC0,. In 1890 

Caslner, on account of the development 
of cheap electricity, was able to revert 
to Davy’s original jiroccM and sodium 
is now produced by this method. 



MtM* 


The sodium hydroxide is h»s«l in a 
cylin«lric«il irtm |K)( (Fig. 3.sni by gw* 
bumerx. A cylindricol iron cathode 
pnsAcw up tlinwigh tho base and ia senlnl 
by Mili<lilie<l sodium hydroxide into a 
jir donga lion of tlw pot. The anode is a 
cylinder of nickel in elocirical connection 
with A wiro.gtiuzp cylinder surr<mn<ling 

the eath«<l«. Tli« melal rises fr..... Itw u,id on the eurfe.^ 

‘f tl« ^Tom hydroxHlo insi-lo « ...e.ul rcce,,ucle prov.dcl wdh 


Fin 356, — Product ion of aodium 
bv elect rolyws. 
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« lid. It is removed by e wire-gau*e spoon, which allows the fused eodium 
hydroxide to flow away but roUins the sodium. The sodium is sent out 
seeled up in tin cans in the form of thick rods. 

The electrolysis of sodium chloride, alone or mixed with potassium 
or calcium chloride or sodium fluoride. U also used to some extent in the 
rxncns ctU, which is similar to the Costner cell except tljat tlic central 
electrode is an anode of carbon from wliich chlorine is evolved ; 
it is surrounded by an annular iron cathode on whicli the sodium 
deposits. 

Sodium is a silver- white, very soft metal of low melting point. It 
may be obtained in octahedral cry stab on slow cooling of fused sodium. 
It is lighter than water. It Is a good conductor of electricity (about a 
third as good as silver). Sodium forms a purple vapour and a purple 
colloidal solution in ether. Sodium b used in some types of electric 
discharge lamps. Tlic clean, frcslily-cut surface of the metal rapidly 
tarnishes in the air. so that the metal b usually kept under petroleum. 
It burns when heated in niobt oxygen or chlorine, and acts violently on 

: 2Na 4 2H,0 - 2KaOH + H,. 

When a small piece of sodium b thrown on abater it moves about rapidly, 
hydrogen being evolved. Tlic rise in temperature b not sufficient to 
kindle tlie liydrogen unless the piece of metal b kept in one place by 
putting it on starch jelly, wlien the hydrogen burns w'ith a flame 
coloured yellow by sodium vajiour. (Explosions sometimes result). 
Sedium amalgam is obtained by pressing small pieces of the metal into 
mercury in a mortar by means of a pestle ; each piece reacts with a 
small explosion and a flash of light. 

Sodium Hydride. — Sodium hydride NaK is prepared by passing a slow 
stream of diy hydrogen avtr sodium in a nickel boat heated in a glass tubo 
at 965*. Colourless iimtied cr>ataU fonn ou the upper cooler portion of the 
tube just beyon<l the boat. It is <lecomposed by water, with evolution of 
hydr^en : NaH 4H,0sNa0H 4 H,. and by concentrated sulphuric acid 
with formation of snlpl^ur and h)'<lrogen sulphide. On heating above 330* 
it dissociates rapidly : 2XaH SXa 4 H|. It absorbs carbon dioxide, pro* 
ducing sodium formate: KaH 4C0| sM.COONa. The alkali metal 
hydrides contain the negiitiix hydrogen ion. M*H’ (soe p. 169). 

Sodium chloride. — Sodium chloride NaCl, common salt, occurs in 
nature in cubic crystals of rocJb salt, colourless when pure but often 
tinged yellow, brown, or sometimes blue, by impurities. Rock salt also 
occurs in lai^ masses which readily break into small cubes. The richest 
English deposits are in Cheshire ; salt is also found in most other parts 
of the world. More or leas concentrated (about 25 per cent) solutions 
(^nias) also occur in many places, or are artificially produced by letlmg 
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water down to the rock salt and then pumping. The waters of the Dead 
Sea and the Great Salt Lake of Utah are concentrated solutions of 
common salt. The Dead Sea water is also rich in bromides, and is now 
an important source of bromine : it is evaporated » when much common 
salt separates out, and the residual liquor is then worked for bromine 
by chlorination (p. 317). Some salt is made in hot climates from sea 
water (2*5-3 per cent NaCI), which is allowed to evaporate in large flat 
ponds called salt meadows by the heat of the sun, such salt being 
called '' solar salt The mother liquor is called bitUm and contains 
magnesium bromide. 


Usually t]^e brine is evaporated in large flat iron pans over Are flues. 
T)\e more slowly tlie ex'aporation proceeds the larger arc the crystals of salt 
formed : the grades are hne (or table) aalt, manufacturer's salt, dahery salt, 
and bay salt (usually in the form of floating '* hopjiers or cubes with 
hollow fares). In modem works the brine is evaporated in muUiple*eflect 
vacuum pans w ith ateam heat, the calcium and magnesium salts having 
first been fleparate<l by adding lime and then sodium carbonate. 

Pure sodium chloride U made in the laboratory by precipitating a 
saturat ed so hi t ion of common sa It with hyd rogen cb loride gas . 1 1 forms 
a saturated solution in w*ater at 15^ containing 55*8 parts of salt to 100 
of water (26 per cent) and the solubility increases only very slowly with 
rise of tem{>erature. By cooling a saturated solution to - 10*. or by 
cooliitg a hot saturated solution in hydrochloric acid, a hydrate 
NaCl,2H50, Is deposited. 

Common salt is used in flavouring and preserving food, preserving 
hides, as an industrial source of soda, hydrocldoric acid and chlorine, 
in salting out" soap, melting snenv on roads, ami glaring common 
stonew'are. 


In " salt glazing stoneuaie (r.g. <lniin-pii«'«) rommon salt is dtfown 
i nto.the furnace in which the m>o<ls arc fired and volatilised. In presence 
of water vapour and the silicn of the Hay, tin? salt forms a fusible silicate 
glezc an<l hytlfooUlorie acid is evolve* I j 


SiO, + 2No<*l • HjO -Nn,SiO, + 2HCI. 

Sodium bromid.KflBrand sodium iodide Xul. »re similftr to the chlorido 
ill uenernl properties and are ,,re|>nre.l ns cxplamcd on pp. 3-2 and 
•{31 resprctivclv. From hot solutions they form anhydrous ci b c 
cTvsWla, but by'evaporaliojr at room lenii«;rat.irc, it...nocjinic crystal* 
c'Oiitainine 2Hi», isomorplioiis witli the corrcsiH.ndiiiB so-lium chloride 
iivS arc dci;ositod. Sodium fluorid. XaF is malic by ncutrabsmB 
hvlofluoric ftci.n iUi scliiim lijdroxidc and forms 

orysUlsralhcrsparmplysolubleinwater ^umb,^g«auond.NaHt, 

or NaF,HK is prepared by the reaction Nah + HF = NaHF,. 
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Sodium oxides. — The two common oxides of sodium are the monoxide 
NajO, and the peroxide Na.O,. Sodium monondo is obtained cither by 
burning sodium at in a limited supply of air or oxygen and distilliitg 

off tbe excess of metal in a vacuum, or by heating ^iuca peroxide » 
nitrate » or uJtrite with sodium : 

2NaNO,+ lONa .6Ka*0 +N,. 

It is a white amorphous mass which decomposes at 400^ into the per* 
oxide and metal. It reacts violently with water : 

Na 20 *hH 30 »* 2 Na 0 H, 

but does not absorb carbon dioxide at the ordinary temperature. 

Sodium poroiide Ka^Os is obtained by burning sodium in excess of 
air or oxygen. It is manufactured by heating sodium at 300^ in 
alumim\im traj'i in a current of purified air in iron pipes. In another 
process the sodium is burnt to monoxide in a revolving iron drum and 
the monoxide then transferred to a second heat-lagged revolving iron 
drum where it is oxidised by oir to the peroxide. Sodium peroxide is 
yelbw, becoming white on exposure to air from formation of sodium 
hydroxide and carbonate. tVhen very strongly heated it evolves 
oxygen. A solution may be prepared by adding the powder in small 
quantities at a time to a welUstirred mixture of ice and water, a crys- 
talline hydrate Na20s,8Hs0 being formed. The liquid is strongly 
alkaline, owing to hydrolysis : 

NajOj ••'2H,0?a2NaOH 

and on warming oxygen U evolved from the hydrogen peroxide. Carbon 
dioxide decomposes sodium peroxide with evolution of oxygen : 

2NajO, + 2CO, -2Na,CO, + Oj. 

hence the solid has been used for purifying air in confined spaces (e.g. 
in submarines). Carbon monoxide is absorbed: Na^Oa+COs 
Na^CO). The solution is an oxidising agent, e.g. it converts moist 
chromic hydroxide into sodium chromate ; fused sodium peroxide bos 
powerful oxidising properties, converting cbrome*ironstone FeOjO^ 
into ferric oxide and soluble sodium chromate (p. 889). It also oxidises 
iron pyrites : 

2FeSj ISNajOj *Fe.O, + 4 NajS 04 + 1 INajO. 

If a little sodium peroxide mixed with sawdust is placed on filter-paper 
and moistened with water, the mass inflames. Glaci^ acetic acid inilamos 
w^n the peroxide is dropped into it. If sodium peroxide is mixed wiUi 
pieces of recootly ignited charcoal and heated in a W'ered porcelain 
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crucible, a violent react um w‘cut« ami metaIJic srKiium condensea on the 
lid of the crucible : 3Xa,0, + 2C* = 2Xa,CO, * 2Na. 

Whet) aodinm |)eroxide b> treatc<l with abxohite alcohol at 0^, a white 
powder of sodium hydrogen peroxide Xa-O O H. b formed : Nn,O, + Et0H 
= NnOKl -*• XrtO OH. It oxjiliMice tm hentmg. evolving oxygen and forming 
smlimn hydroxide. A liable cotufMaind. 2XaHO..HjOs. ik formed on mixing 
30 i>er cent hy<lrogeii jjeroxiHo with sodium etiioxide (XaOEtj and absolute 
alcohol, or by the action of an etlier solution of HsO, on sodium. Potaasium 
{icroxide forrn'c 2KH0,.H,0.. 


8otliutn |>rroxido U ascil for making j>erborate (p. 058} and also 
benzoyl peroxi<le for bleaching flour. 


Sodium bydroxido. — Sodium hydroxide or causiiesoda is obtained very 
pure hy dropping small hits of sodium, or sodium wire from a sodium 
press, into prrvioush* boiled and cooled distilled water in a silver dish, 
cvnporntitig the solution and fusing the caustic soda (m. pt. 318^). 
Sodium hydroxide is made on the large bcak i 

()) By tlic electrolysis of a solution of common salt, tn the Solvay 
mercury cell (p. 205) pure sodium hytlroxide is obtained by way of 
sodium amalgam ; in eelU in which the brine is not mechanicallv 
se|>arate<l from the .sodium hy*<lroxidc (H^luce<l the Gibbs cell, 
p. 205), the solution also contains umleeomposetl common salt, say 12 
per cent of each. It U then evAf)orAle<i in a vacuum evajwrator with 
an arrangement for renwving the common salt which isejm rates. When 
it contains jt) |>er cent of XaOH, only I |)cr cent of KaCI remains. The 
solution is then cvn|K)ralc4l in iron jiols over a free fire and the sodium 
hydroxide finally fuswi. 

(2) In the Wwis procew, a mixture of sodium carlKmate (soda-asli) 
and ferric oxi<ie is heated to briglit redness in a revolving furnace, when 
sodnim ftniU XaFeOj (or NajO.KcjOj) is formed i 

Xa,C0, * Fe.O, - 2Xa FcO, * CX},. 

The mas.s is coole^l, bniken up, aiul thrown into hot water, when the 
sodium ferrite hydndyse.s with formation of 8<Kliuiu hydroxide and 
insoluble ferric oxwle, which is ii.scd again : 


2NaFi*Oj + HjO « Fc.Oj + 2NaOH. 

(3) By liealing a 2t» |»cr cent solution of sodium carbonate with slaked 
lime in in iron vc.s.sel fitted with agitators : 

Na,CO, + Ca(OH ). CaCOj + 2XaOH. 

The rc’action is revcwihle. b.rt by usinc an oxct«» of limi- and a solutio" 
of" wiium i-arbonatc which is not too concent rated, a fairly pure solut o" 
is oTitaiiicd The filtcrcil solution is cva|>oratc<l as before, and the 
MKlium livclroxiile fusts!. 'I'Ik' eommerrial stxliiim liydroxi.lc 
fulsl ill dr.im.s, or in the form of sticks. e.«tsc pou der. or pellets , the 
last is a cunvenienl form for lalx.ralory use. 


SODROl HYDROXIDK 

Sodium hvdroxKlc is a white sliylitly iran^liiwnt solid witli a fibrous 
crystalline texture, m, pt. 31 8*4'. dUsocwtiixii at alKuit t3CM)^ 2NaOH 
« 2Na + H, + 0.,. Sodium hydnixide is a |to\vorfiil raiilm*, breaking 
down the proteins of the skin and Hosli to u iwst V mass- When cxj>os(.sl 
to air it first deliquesces from absorption of moisture ami a little carbon 
dioxide, forming a saturated solution. The solution tlicn slowly re 
solidifies from absorption of carbon dioxide, wfion the carbonate 
NajCOj, which U si>arirjgly soluble In sodium hydroxide solution, is 
formed. Potassium liydroxkle does not resolidifv, since liotassluni 
carbonate is readily soluble, and for tbU reason a concentrated solution 
of potassium hydroxide is used in gas analysis to absorb carbon dioxide, 
since It does not deposit solid which would choke tfie apparatus. There 
are several hvdrates of sodium hydr<*xide f-O- NaOH.HjO in. pt. G4 , 
and Na0H,2H,O, m. pt. 12-7*. 


The densities DJ* of sodium and potnMmrn hi-droxido solutions are given 
in tlie table : 


Density. 


Per I'ent. 




N«OK. 

KOH. 

G • 

• 

* 

• 

. PU5.Sd 

1-0452 

10 


4 

• 

. Mill 

1-0915 

IS 


• 

• 

. Id 065 

!d306 

20 . 




. 1-2219 

M554 

25 • 




. 12770 

1*2354 

30 • 

• 



• 1*3310 

1*2005 

35 • 

• 


• 

. |.Si$35 

1*3440 

40 



4 

. 1*434 

1*399 

45 



• 

• I4H2 

1 456 

50 • 

« 

. 

% 

• 1*530 

1*514 


Sodium carbonate. — Anhydrous sodium carbonate {8oda><igh) is a 
wliite amorfihous powder, m. pt. which aggregates on exposure 
to moist air owing to the format ion of hydrates. When added to water 
much lieat is evolved, and the hydrated salt formed usually seta to a 
mass, which then slowly dissolves. The solution is distinctly alkaline 
owing to hydrol^*sis (the decinormal solution is about 3 per cent 
hydrolysed), and on boiling it slowdy loses carbon dioxide : 

Na,CO,-i>KV+CO," 

CO»" + H,0 sa HCO,' + OH' 

HCOj'^OH +CO,. 

On evaporating the solution and cooling, large monoclinic crystals 
of tcosAtng soda NasCO),lOH20 are deposited. These effloresce in air 
and on heating at 35* 4*, forming a white powder of the monohydrate 
NagCOy.HtO, also depcsited from hot solutions and knowm as crystal 
carbonaU. Other hydrates are known, e.g. two forms of NojCO^THiO. 
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Solutions containing ]cas than 0*3 pm. XasCO, }>er 100 gm. water deposit 
ice on coo I ing (cun-o A D, Fig. 3o7). I? is t lie en toe t ic point at - 2- 1 where 
ice, solid Na.CO*.l0H,O, ond a aoUith^n containing 0 3 gm. Xa.COj per 100 
gm. water, arc iit equilibrium witli water va|K>iir. More concentrated solu* 
tions do not exist in r/aWr equilibrium with ico and Xa,CO„10HjO, yet a 
solution of 18 46 gm- Xa-C'Oj in 100 gm- water may on cooling become xui* 
saturated with respect to decahy<iratc an<l <Je]M>aits ice at - 7*5^, BC a 



Fio. 337,~Sotubilily curves of soiJium earbonntc. 


the stable part of the solubility eiirs'o of dccab^drate (the ordinary " solu* 
bility curve At C the solid decal lyd rate changes at 32^ into a rhombic 
heptahydrato. a*XQ, COa,7H|0. CD is Ibo stable solubility curve of this 
hydrate, which may be prulungetJ on both sides into mctastablo regions 
8ho^Y^ by doUe<l lines. At D ll»o Iteptahydralo changes ot 33 4^ into 
monh.>'clrato, Xa,CO>,H,0. the ftduhility curve of which, with a pro* 
longation into a motostoble region shouii dotted, is DK. ;Vnother 
hepiuUydrate, j8Xa,C0*,7H,0, which is always me lost able, loparotes 
along FO. 


A compound of sodium carbonate w ith sodium bicarbonate issoiiDD 
sequiesrbeDSte NajCOj.NaHCOjiHjO. which occurs native as (rom or 
urao in various localities and is produccrl by the spontaneous cvniw* 
ration of soda lakes, t.g. in Egypt. Largo cie|>o»its occur in Owens Lake 
In California, and Lake Magadi in British Eajit Africa. Tlie scsqju* 
carbonate is also made artificially by crystalli-^ing cquimolccular 
amounts of carbonate and bicarbonate rn>m a solution in warm water : 
the artificial salt is known ns coHCfnt rated soda crif^taU and is used in 
wool w'ashing. It is neither clUorwccnt nor doliquMConl. 

Sodium carbonate is manuraet«re<l from common salt by the ^blanc 
nro cc.sa ( now aJ most obsolete) atici t he A m mon ia-Soda process. Sodi u m 
Lrbonate was formerly prepared by burning plants growing on the sea- 
shU iChtnopodium. Salicornia. HaUoia etc.), the ash being called 
barilla and in Jlic tnoniifacHirc of soap. W hen Sulil °V 

^at the base of common salt is a., alkali, altempls ^ 

soda from this source. An carlv process was that of Sch^lc (1 .73h m 
which salt is decomposer! by Imihng with litharge . 

H 0 *2XoOH + PbCi,.3PbO. The same chemist also observed tha 
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mixture of lime &ml salt when mcHstcncl. slo.viy cmorcsccd in air with 
the formation of sodium carbonate, Tlic first satisfactory i.rciiaration 
of alkali from common salt was tlie Leblanc jiroces-s {I7M7). 

The Leblanc process.— In this process, sulphuric acid is heated witli 
common salt to form sodium suli.hate (sail-cake) as described on p. 210 : 
NaCl + H^Oj =N4HS04 + HCI 
NaCl + NaHSO, = Ka^SO* + HO, 



the hydrochloric acid being absorbed in water. 

The sulphuric acid may be made from p)Tites, in which case the burnt 
p^Titcs ni»y contain 
copper and sonictimea 
silver and gold, which 
arc extracted as a part 
ot the process. 

The salt-cake is then 
mixed u itli carbon (coal 
slack ) a nd crushed limc« 
stone and heated in a 
furnace (Fig. 

358 )> wliich is a large 
revolving iron cylinder 
lined with firebricks. 


Fio. Black -ash rex’olviiig furnace 


through which fiames from a gas^ro<luccr pass. Tlie sodium sulphate 


is reduced to sodium sulphide by the carbon : 


Na^*-^2C-Na^ + 2CO„ 


and the sodium sulphide tlien reacts with limestone to form sodium 
carbonate and calcium sulphide : 


Na^S + CaCO, »• Xa^COj + CaS. 


\Vlien reaction is complete the red-hot pasty mass is discharged 
througli a man-lioie and when cool is lixiviated witli water in tanks to 
dissolve the sodium carbonate, leaving the calcium sulphide and 
impurities asoft'oif utz«fc. The solution may be evaporated in pans to 
make crude sodium carbonate, but is usually heated with slaked lime to 
form sodium hydroxide. Since the product ia impure and may contain 
sodium sulphide, some sodium nitrate is a<lded to the fused sodium 
liydroxide to oxidise the sulphide, when a w*hite product is obtained, 
but this contains sodium nitrite and sulpliate as impurities. 

Tiie complete Leblanc process is dying out, but sodium sulphate (salt 
cake) is m^e for the sulphate process for making cellulose from wood 
pulp. 

The ammonia-soda process. — When carbon dioxide is passed into 
a nearly saturated solutbn of common salt containing ammonia, 
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an^noniiint carbonate U funnoci aiul tlu.s tends to ]>aas into ammo- 
nium bicarbonate, which reacts vcitii I lie socliiitii chloride to form sodium 
bicarbonate and amrnoniutn chlorKle. Sodium bicarlxinaie is sparingly 
soluble in a solution of sodium chloride or ammonium cldoridc, and 
ntostiy separates as a solid whicli may be filtered off and lieated to form 
sodium carbonate : 


2NHj + HjO + CO, - (NHjhCO, 
(NHjjCOa + H,0 + CO, - 2 XH 4 HCO, 

NaCl + XH^HCO, ^ NaHCO, + NH*Cl 
2NaHCO, » Xa,COj + CO, + H,0. 


The reaction was discovered b}* Fresnel about 1$I0. It was worked tor 
a year or two in Scuilatxl by John Thom in I83C but was net siiccessrul. 
Dyar and Hemming took out a patent fur it in 1838 and worked it tor a 
short time in London. It was abo worked near Faris by Schlocsing and 
Itcjllarul in 1635. but was fin<t successfully usc<l by ICmcst Solvay. whose 
first patent was taken uut in 1661, but wliuee procesM was first w'orke<l on a 
large scale near Xancy in 1672. The Solvay process was introduced into 
England in 1674 by Ludwig Mend and John llrunnor, wJuum works at 
«•! ai«r'«r Korthwich in Cheahira is still njwratod 

(• by Iin|)erial Chemical Industries Lul. 
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In the ammonia -soda process salt 
brine nearly saturated with common 
salt is taken and ammonia gas dis« 
solve<l in it in an iron lower fitted 
with bubblers. Carbon dioxide is 
then bubbled under pressure into the 
ammoniaeal brine in a soeoiid iron 
for&onotiw^ tower (Fig. 33f)) fittwl 
inside with |>erforated bubblers, the 
lower part of the tower being coolwl 
by iron pij>es (not shown in tin* figure) 
through whicli cold water circulates. 
The sodium bicarbonate jirccipitates 
and the liquid contaming it in sus- 
jicnsioji is |>assed to routing suction 
filters, on which the 8<ili<l sodium 
hicarbonalc is woslwl with a little 
water The mother liquor contains the undeconi|>osod common sail and 
ammonium carbonate and chloride : it is |>asscd to ammonia stills where 
it is heated by steam with milk of lime to recover the arnmoma . 

2 XH^Cl +Ca(OH)g -2XH, -f CaCi, -f 2H,0. 

The reaction NaCl . XH.HCO, ^ XaHCO, + NH.CI « 

only about two-thirds of the common salt i» converted into bicarbonnU , 
the rcs^t is wasted together «ilh tlic clilorinc of the decomiKiscd salt. 

wliich forms calcium chloride in the ammonia slilU. 

The Sm bicarbonate from the filters is calcined in closed tubular 
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calcining pans, fitted witli acra|«Ts wliicli pudi the solid along the pan. 
Carbon dioxide is pvolvwi : 

SXaHCOa * Na/X>5 - H;0 n CO.. 

This nearly pure carbon Jiuxhie (“ roaster CO. ”) is mixed with tlie 
scrubbed gas containing carbon dioxide and nitrogen from 
where the limestone is burnt niixe<i with c<jk<* to pnKinec* lime for lf»e 
ammonia stills, The mixwl gas is j«i}4se<l to tiu* carlionating towers. 

Sodium carbonate or nofla-ash issues rn>ni (he calcining ))nn. I'liis la 
nearly pure (OO o per cent) and usually cimtains only a little sodium 
cl deride from the mother liquor left in the bicarl>nuato on the filters, 

From thcsoda*ash trashing sotia NojCOj.lttHjO Is made by dissolving 
in Imt wo t cr a nd cry >*t al lising . < 'rtfsiat carbokaU Nn .(‘Or , 1 1 .0 is ft >rii icd 
by evaporation and separates from I lie ii(»t stulntion. i'^ncenlrattd 
soila ergstaU KnjCOa.XaHCOj.-H.O an* matle by ^Ty^tnU^sing a hot 
solution of eqiiimolccular amounts of carlmnatc and bicarbonate. 
ScKlium hydroxide is ma<)o by boiling a solution of tlte carbonate with 
lime, as <lescribe<l on )>. 088. The ammonia*sod.a process is more econo- 
mical and gives a purer piXKluct than the Leblanc process. 

Sodium bicarbonate. — Sodium liydrogen carbonate or sodium bicar- 
bonate is formed in large quantities in the ammonia-soda process, but 
is all converted into carbonate, the l^iearbonate of commerce being 
preparetl from the latter. A concentratetl solution or moist crystals of 
sodium carbonate when saturated with carbon dioxide give a white 
crystalline powder of bicarbonate. This may be washed with a little 
cold water, in which it is sparingly soluble, and dried in the air : 

NajCO^ + HjO CO, - 2XaHCOa, 
or CO," 4 CO. + H.0 as 2H00,’. 

The precipitation is due to the fact that in concentrated solutions tho 
solubility-product [Na*] * [HCOj'J of the salt is exceeded. 

Tlie precipitated bicarbonate is freed by w'oshing from impurities 
contained in the original carbonate (c.g, NaCl). since these are more 
soluble, and if it is gently ignited in a platinum crucible pure sodium 
carbonate is formed, which may be us<^ as a standard in rolun)ctric 
analysis : 2XaHCO, - Xa.CO, + H.O + CO,. 

The solution of tho bicarbonate is sliglitly hydrolysed and Itas an 
alkalitie roaction, Although much feebler than that of tlie carbonate : 

HCO,’ + H,0 ea OH' + H,CO,. 

On heating the solution, carbon dioxide is evolved : 

H,CO,*=H.O + CO,. 

By prolonged boiling practically all the bicarbonate is converted into 
^rbonate, and if crude bicarbonate from the ammonia-s^a process is 
boiled with water the ammonium salts present in it as impurity are 
decomposed and ammonia is evolved. On recarbonating, by passing 
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in carbon dioxide, nearly pure sodium bicarbonate is preoipitaUd, and 
tlie commercial salt b made in t lib way. 


Sodium silicate. — Sodium silicate glass] is made by melting 

together sodium carbonate and powdered quartz or |}ure sand in a 
reverberatory furnace at a high temperature, ^'a^ious silicates are 
formed, and the composition may vary from | to 4 SiO^ to 1 Na^O : 

NajCOj + SiOj »» NajSiOj + CO,. 

A mixture of sodium sulphate (aa//-ea4Y) and powdered coal may be 
substituted for sodium carbonate : 


Na,S 04 + 2 C-NayS+ 2 C 0 , 

Ka,S + 3 Na,S 04 4^4810, - 4 Na,Si 03 + 4S0„ 

but sodium carbonate is now mostly used. The product is a greenisli- 
blue glass (brown if sodium sulphide b present), which when broken up 
and heated with water under pressure in autoclaves slowly dissolves to 
a thick solution called utifer glass . which may contain 2 to 4 molecules 
of SiO, to I molecule of Na,0. It b alkaline and b used in adding to 
soap, impregnating wood, uvighting silk, as a mordant, in making 
bricks non*poroua, as an adhesive in making cardboard boxes, treating 
cement floors to reduce dust and abrasion, for preserving eggs, and 
otlier purposes. The crystalline sodium ntusiUMU Na,Si 03 , 5 H ,0 b 
readily soluble in cold water and is used in laundries. 

Sodium nitrate.— Sodium nitrate NaNO, con be prepared in the usual 
way from nitric acid and sodium hydroxide or enrl)onatc, but occurs 
native in large deposits in the rainle.ss districta of Chile, hence it is 
often called *’ Chili .saltpetre ” or “ Chili nitre ”. 


The wkUuio nitmte in the deposiu cimMtitulee from 20 to 50 |H5r cent m a 
distinct stratum of earth known os cn/icAc. TKe caliche w crushed and 
lixivioled in large tanks of water he<ito<l by steam. The settled solution is 
run off to cr^'St a libers, wliere crude nitrate sojiamtea, the mother liquors 
being run back to tlie lixivintora. Tlxo crystals are w(whe<l with ft little 
water unci drietl in the sun ; lliey contain 9S-90 }>ep cent of NoNO,. Most 
of the export of Chile nitre m iwal directly os a fertiliser ; the peinaindor « 
used to moke potassium nitruto ond nitric odd. 


Sodium nitrate cr^'stalJbcs in rhomboliedra resembling cubes, isomer- 
phous witli caltitc. hence it a sometimes called " cubic nitre ". It 
differs from jHrtassium nitrate in being dcli()ucaccnt. It melts at 3lt) 
and at higher temperatures evolves ox.vgen, leaving sodium nitrile ; 

2 NaN 03 = 2XaN0. + 0,- 

Thc reduction occurs at a lower temperature in presence of lead, uhicli 

NaNO, is made by heating sodium nitrate with lead 
(p. 531): NaXO, + Pb = XaXO, + PbO- 
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Sodium phosphates. — Oitliiian' (sccondafv) sodium pbosphai* {diwdium 
htfdrogtn ^yhospha/f) is prvpamJ l>y nciiUalisin" )»iios(il»oric add with 
sodium hydroxUJc or carlMmatc* aiwl vvaimralih^. It forms oftlorcscont 
monoclinic cr^*stals readily j»»‘luLlc in water The 

effloresced salt contains 7 H.O. The solution is faintly alkaline : 

HPO; + H.O ^ H,PO/ + OH'. 

MicrocoiBuc sail or soiliiim aninionium liyclrogen phosphate 
NaN^H4HP04,4H}0, is formed by dissolving 6 gm. of ammonium 
chloride and 30 gm. of ordinary sodium idiosphatc in a little hot water, 
filtering from tlic so<liuin chloride, aiwl cry stallising. 

The prinarj sodium pbospbaio KaHjl^^.K^O (aorf^uw dihi/dro^cn 
phosphate) is prepared by atiding phosplioric acid to a solution of the 
ordinary jihosphatc until a little of the solution no longer precipitates 
barium cliloride, eva|>oratijkg aiul crystallising. Trisod lun pbospbate is 
prepared by dissolving ordinary sodium phosplmtc and sodium 
liydroxide in hot water and evajioraling, when on cooling crystals of 
NajPOj.UHjO separate, which are neither efflorescent nor deliquescent, 
The solution has an alkaline reaction, owing to hy drolysis : 

PO/'N. H.O 5^ HPO4 ' + OH . 

It has been used umlcr tbe name of '* tripsa " for softening boiler- 
water. The calcium bicarbonate is precipitated as carbonate by' the 
alkali formed by hydrolysis, and calcium and magnesium chlorides and 
sulphates arc precipitated as phosphates. The btssneupbospbsu (p, 0>S4) 
is now generally* used in water*sof(eniiig. 

Sodium pyrepbospbsto NaiP.O? i$ obtained by heating tlic secondary 
phosphate (p. r>^2), and sodium ucupbospbsio NaPOj by lieating the 
primary phosphate or microcosm ic salt (p. 5S4). 

Sodium sulphate. — Anhydrous sodium sulphate KasS04 occurs native 
as tkenardiUt and ^auberite is tlic double salt Ca504,Na2S04. The 
efflorescence on brick walls is usually* sodium sulphate. * Sodium sul* 
phato is made as saU’Cakc in the first part of the Leblanc process (p. 210). 
It is also made by the Hargreares process in which sulphur dioxide from 
pyTites burners, air and water va]K>ur arc passed over carefully moulded 
lumps of dry common salt heated in on iron retort, when the following 
reaction occurs : 

4NaCl + 2SO, + 2H,0 0* -2NajS04 -J- 4Ha 

Sodium sulphate is also made from kicscrite (p. 770) or magnesium sul* 
phate in Stassfurt. This is dissolved in hot water and common salt added. 
On cooling, Glauber's salt cry'stallisos. os it is tho least soluble salt which 
can be formed from tho ions Mg’*. Ka*. SO*" and Cl' in tho cold solution. 

Sodium sulphate crysUlliscs from water as Glauber's salt 
Na^SOi.lOHjO in la^o monoclinJc prisms which effloresce readily in 
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the air in id fall to a white |>owdcr of tlie anliydrous salt. Glauber's salt 
is large I Y used in the textile industry and in small amounts as a purga- 
tive. 


The crystals melt at 32* 3S’ and at the same time deposit a white powder of 
the anhydrous solid salt, a solution sattiratod with the latter being formed. 
Tiie solubility of Glauber s salt reaehes a maximum at 92*33*, since atthia 
tern|>oratiire the solid in contact with the solution is converted into the 
anhydrous salt, (he 8<»lubihty of which deerefOies with further rise of tem- 
perature. The std ability curve (see Fig. 53 j consists of two parts meeting in 
a sliarp angle at 32*33'. the first beiiij; (he solubility curve of Glauber s salt 
end the second (bat of the anhydrous salt. 

(daub<»r s salt readily forms sajierHatumted solutions. If the super- 
saturated solution is brought in c<a\(Mct with a minute crystal of Glauber's 
sidt.such as tJiintefUmting in dusty nir. crystallisation begins and Glauber's 
s^dt is dojMisitcd. Hut if cuolo<l to 5* it de(M»dts crystals of a rnotastable 
hpfi/fifit/tlMte Xa^SO^.'H.O. which become n|m(|ue wlien touelied with a 
crystal of Ghtuber’s suit owbig to <lc«*om(H»siiion : 

2(XarSO,.:il,0| = Xa^O*.IOH,0 r Xa,SO, + 4H,0. 


SodiuB hjdrogea saipbale NaHSO^ (of *' sodium bisulphatc Ka}0,2S03, 
H«0) is formed in large prisms by cooling a solution of anhydrous 
sodium duljjhatc in warm concentrated aulpliuric acid. It is formed in 
the preparation of hydrotddoric acid (p. 2 h 0). It melts at a much lower 
tcm|>eraturc, l8o*7*, than the normal sulphate. A fused mixture or 
com|>ound of this salt and the normal sulphate, XnjS0|,NaHS04, is 
formed as a by-product in the mainifacturr of nitric acid and is knotvn 
as ni(rt>€<ike. The hydrate XaHSO^.HjO is known. The solution of 
XaHSO, has an acid react ion : HSO/ ^ SO/’ *f H*. Sodium hydrogen 
sulphate is dccom|K»cd by oleohol into the salt NaHS04.NajS04 and 
free sulphuric acid (dry KHSO4 is not decom(>osed by dry alcohol) : 

3NaHS04 - XayS04.XaHS04 4 H jSO*. 

Sodiau disolphste (of ptfrosnlfthfite) Xa/4jO, i#* formed on moderate 
heating uf the add sulphate ; 

SXaHSO, = XajSjO; + Hfi. 


by the action of sulphur trioxidc on common salt : 

2Xaa 4 3SO, • Xa^S-O. - SO.CI,, 

or (in the pure state) by the action of sulphur trioxidc on the norniid 
sulphate : Xa, 2>04 + SOj * Ka^O.. 

It melts at 400 *t>®, and at 0 red heat it decom looses into sulphur trioxidc 
and the normal sulphate. 


Sodium in MilTSis— So<lium compoun.ls rivc a y.llow flomc colomt on, 
whicl. in the s|.«tr<Kcoi* shows tvio \-ellow linos vwy close together, 
l-riown us tlie D-line- A yellow prts-i|>ilalc of sodium line uronyl ucelnle 
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NaZn,(UO,),{C',HjO,>* is pn«luce»l by sine uninyl ao«tato» in neutral 
solution, from winch |>ota#isium j»alis hnvo been |)fec*i]>itate<l by zinc per* 
chlorate. White sparinply swlnble precipitaicA of sodium wiles are forme<l 
wit h hy (Iroflnosi licic acid . pen fast \ iin a nl i monat e. or j »oteiM i um d i Ky< Iroxy • 
tartrate, ami lairly concent r*ite»l solutionj* of so»hum comixnimla. 

Sodium cyanide is made by ilio acti«m of ammoiiin poa on a heated 
tni store nf swlium an<l charcoal {Cn^tufr'K jiruct**). Swinmide first formo<l 
reacts with carlxm in two stapes ; li) IXaXH, C -I’N.XNo, (80<Uum 
cyanamide) + 2H, {«t JiOO -OlHi ): <ii) CX.XXa, ♦ C = 2XaCN (at 700 - 
six)^). The fustxl cyenUle obtaino<l is ciwt into blocks. 


Potass 1 1* ii 

Occurrence. — Potassium occurs much lcs.s accessibly than sodium, 
altitough it is u idcly distributed in the three kingdoms of nature. 

Primarv rocks often conioin pobiaMiium silicate ; pruuilc contains about 
2i i)ef cent of poiasKium. mainly in the fonn ut orihochsc feU/mr KAlSi,0,. 
f*oUi$h mica or Muteocile )um the formulo KH,AI,(SiO,>». Fcl><|>Ar occurs in 
granite, gneiss ami basalt, and mien in granite nml gneiss. During the 
** weathering " of these rocks, i.c. their decom)KMtitii>n by atmospheric 
carbon dioxide and water, assisicil by the dUintegDiiing action of frost, the 
felspar iadecomjxwed into clay ond soluble ixitassuim mUa, such os {>otaa* 
slum carbonate (p. 624). Tlio i><»tiiasiuin salts are rctnine<l by the soil, 
W'here they remain ovailable for absorption by the roots of plan la. Tho 
•elective retention of fMitosaium oalls by the eoil seems to de|>ciul on the 
exchange of potassium for sodium in zedifea (see p. 185) such os natrolito : 

NB,[Al,Si,0,.].SH,0 + 5K*aaK,(AlySi,0„).2H,0 + 2NV. 

In plAnts, potessmm occurs m salta of organic acids. When plunta ore 
burnt these organic salts form pouuhm csrboasle K,C'0), which {since it 
was formerly ma<le )>y calcitiing crearn of Uirlnr) wus called tail of (urtar. 
barga amounts of ]xitASsium carbonate are made in CaiukUi. Transylvania, 
and Russia by lixiviating wood aslics with water, evaporating the solution 
to dr)'nes8 and calcining the rosithio Ui iron pots. The product is ytoUa^h 
and when purified is ftcarl-ath. r^iigar l)eets absorb from the soil consider* 
able amounts of pittassiiim salts, w'hich aceunuihite in (bo molassee knov\*n 
08 vitiaw or scfiUmpc. Tins b cva|M>ratotl on <ij)en hearths and splaahe<l 
by paddlse in the lire gases (Porlou furnace) ; the syrup burns, leaving a 
residue of potassium carbonate. The vinesse may also be <listilled in iron 
retorts, when metliyl chloride and trunetbylamhio Ate formed. 

The per8]>iration (swmf) of slieep b rich In potassium soils. If raw wool 
is washed with water, tlie brown liqukl e\‘aporate<l and tlie reeldue calcined, 
about 5 parts of potassium carbonate remain |>er 100 of w*ool. Tbb be 
limited source of potassium salts. 

Only small qusnlitiee of potoosium salts occur in tlie sea and are absorbed 
in marine plants, from the ashes of which (Help) they may be extracted. 

* 10 gm. of uranyl acetate and 6 ml. of acetic scid made up to 

50 ml. form solutioa A. 50 gm. of zinc acetate ZnA^ 2H|0 and 6 ml. of ocstio 
odd made up to 60 ml. form solution B. Mix A and B ood sfter 48 hours filter. 
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Accorcling to D 3 *er (1894>, fhemmimiim amount of $olubl6 potash (K,0) 
m a aoti is 0 01 pot cant ; the mean av-ailable potash content of 

British soils IS 0-0 1 o per cent. If successive crops are grovtm on the soih the 
potflssmm compouncis are removed and the soil becomes infertile. Trees 
remove annually l-So lb. of K.O i»er acre, other plants more. In older to 
keep up tho fertility of the soil, potassium compounds must be supplied 
ami they aro essential fertilisers. 

The blood scrum of all animaU contains 0 022 per cent of potassium and 
0'32 jw cent of stxlmm. In the milk of carnivora, sodium and potassium 
occur in ajiproximately e<|uivatent amounts ; in that of herbivora an<l in 
human milk, jiotossium prc<lominatcs (3-5 : I). 

AltliouBli potassium compounds are widely distributed, e.y as febnar, 
comparatively few workable mineral dep^its of salts occur. The 
principal arc at Stassfiirt in i^xonv and near MuUiouse in Alsace and 
in lesser amounts near Knliisa in Poland. Carlsbad in New Mexico, in 
Eastern Galicia. Scarle x Lake (California), Cardona in Spain, Tunis, 
the Dead Sea (Palestine) and Elton Lake in the Trals. 

The Al.satian and Galician deposits contain st/lriw or fijlviniU, a 
mixture of sodium and ]>otas.sium chlorides. The Alsatian deposit con- 
sists of two strata, the upper with 35 to 4(1 per cent KCI and the lower 
with 24 to 32 |»er cent KCI. 

Tho arronifcment of tlw Stosafurt deposits (<liscoveretl in 1830 in boring 
for rock 'Salt) is as follows : 

1. Dpjier loyora, not containing |H)t«Asium salts. 

2. CarwfllfrVc, chiefly KCI.Mgl'l„8H,0. 

3. Kie4critt» chiefly MgSO„H,0 — '* Abraum “ salts, t.e, <i5o« common 
salt. 

4. PolyhfiUU, 2CaS0,.MjrS0,K,S0,.2H,0. 

6. MgbO„Ka,3H,0. 

0. Lower la^'ers, not containing potA»ium salts. 

The deposits were praliebly formed by the e\*Aporation of an inland Joke, 
as (he or<ler of the loyere of salts is what would be expected in such a case 
(vanH Hoff). The chief source of potessium salts at Stassfurt is the carnal- 
tito (see p. 009). 

Potassium. — Metallic potassium can be made In a similar way to 
sodium by the electrolysis of fused |K>tA»iium hydroxide, although the 
operation is difficult to carry out. It comes into the market in small 
spheres, kept under petroleum. 

It may bo obtained on a small scale by elect r(>l>‘sjng a fused mixture of 
c^uimolccular proportions of |M>tnmium rhloHtle ontl calcium chlori<le in a 
porcelain crucible provhltMl with two rnrbon electrodes, and JieetecI with a 
Bunsen burner plactti on the antwlo Hide, so that n jfilifl crust fonrtf over 
the cathode. A globule of potaxHtuiri forms un4ier (l»e crust. 

Metallic potassium was formcriy mji<lc by strongly healing a mixture 
of the carbonate wiili charcoal in on iron bottle, anti cooling (ho vapour 
rapidly in a flat iron com tensor ; K,COj + 2C * 2K + SCO. Unless tho 
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cooling la rapid • reaction of tlie potassium with carbon monox Ido occur9» 
with the formation of a >*ellow ct»in|M»im<] C 404 K»> which on exposure to 
inoi$t air forma very explosive substances. 

Potassium can bo pre|>arQ<l by ti»o electrolysis of potassium cyanide, 
by heating potassium hydroxide or sulpliido with iron, magnesium, or 
aluminium, or by healing cnleinm carbide willi potassium Auorido. The 
pure metal is best obtained by Iwating potassium chloride with calcium 
in a vacuum. 


Potassium is a very light, soft metal, with a silvcrwhitc colour. It 
forms a green vapour. Tlie metal is not acted upon by perfectly dry 
oxygen, but is rapidly corroded in moist air, becoming covered at first 
with a blue film. Potassium is chemically more energetic than sodium. 
Small pieces melt and take fire in air. It acts violently on water, tlio 
liberated hydrogen burning with a lilac •coloured flame. A fused 
globule of potassium hytlroxidc remains Hontiiig on the water ; as it 
cools and touches the w.ater. it explodes with a sharp crack. Heated 
potassium decomposes nearly every gas which contains oxygen ; it 
also decomposes the oxides of boron and silicon, and the chlorides of 
magnesium and aluminium, on heating, with liberation of the elements. 

An alloy of sodium and potassium is Ihpiid nt ri>i»m temperature and ro- 
scmbics mercury, but is ver)' easily oxidiscil with evolution of heat and 
light on axposuro to air. Potassium is feebly radioactive, the isotoi>o **K 
emitting 0*raya. 

Potassiuci hydride.^Potassiuin hydrula KH is a winto cr>‘sta1line solid 
formed by heating potassium in }i>*drogcn. It ignites s|>ontanoously in 
chlorine or oxygen ; moist carbon dioxide at room temperature converts 
it into potassium formate : 

KH + CO»*HCOOK. 

Potassium chloride .—This salt KCl occurs in cubic crystals as syh'itis. 
It is easily soluble in water, the solubility incrcasiitg almost linearly with 
temperature (c/. NaCl). It is made for use as a fertiliser from Stossfurt 
carnallite KChMgCI^.CH.O. 

The crude camalUto is heated with mother liquor containing magnesium 
chloride, when it dissolves. The solution is filtered and cooletl, when crude 
potossixim chloride cr>‘slollises out, Icoving a mother liquor containing the 
magnesium chloride of the camallito. Tlie potassium chloride is then 
purified by washing and r«cr>'s(Al(isation. ^V1)0^ carnallite is fused, nearly 
pure potassium chloride separalds, leaving fused magnesium chloride 
hexahydrate : 

Ka.MgCh.$H,0 ^KC\ + Mga,.6HjO. 

Fotasiium broGude KBr and potassiam iodide KI are prepared as previously 
described (pp. 322,331). 

If hydrofluoric acid solution is neutralised tvith potassium hydroxide 
and the liquid evaporated in a platinum dish, cubic crystals of poUsasm 
fioAide KP are obtained. If to the neutralised liquid a further equal 
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volume of hydroHuorio uoic) elution b a<Uled and the liquid evaporated 
in a platinum dbh, crvsiab of potassiucB byd roses fluoride KHF 3 or 
KF.HF, called Fremys salt, are obtainwl. Tliis may be dried by 
gentle heating and is relatively stable. On heating more strongly 
it decomposes : KHK-^KF + HF. The salts KH.Fg and KH 3 F 4 aro 
also known. 

Oxides of potassium. — FoUssius mooosde K,0 is light yellow and is pro* 
jiarcd in a similar way to tlie sodium com|H)iind ami has similar properties. 
Potassium dioxide KO« b a ehromo'yellow* s<»l»d r<>rme<l by burning the tnelal 
in oxygen or air. It oxidises carbon monuxido to dioxide below 100^, 
and is decomposed by water : 

2KO, ♦ 2H,0 = 2KOH + H,0, + O,. 


The common higlier oxide of potassium is KOt. that of sodium b Ka|Os< 
On heating KO, in vacuum it first funns KsO, and then KsO». 

Potassium hydroiide {rausiic poiash) is prepared in a similar tvay to 
sodium hydroxide, which it resembles closely in its properties. It is 
made on the large scale by tfie electrolysis of potassium chloride solu- 
tion and is used in (he manufacture of soft soap ({Mtassium salts of oleic, 
palmitic and stearic acids). The pure hydroxide is best prepared by 
adding powdered iwtassium sulphate to a hot saturated solution of 
barium hydroxide : 

+ Ba(OH)j - BaSO| + 2KOH, 


or by the action of water on polaj^ium amalgam. Tfjc solutions attack 
glass, and should be decanted {not filtered) and evaporated in silver, 
nickel or iron dishes. Platinum is attacked by fused alkalis. 

Potassium httlroxidc is more soluble than sodium hydroxide both in 
water and in alcohol, and the alcoholic solulion (“ alcoholic potash ") 
is used as a reagent : it becomes brown owing to oxidation of the 
alcohol . Pot assi i im h \xl rox ide forms a cry stall i ne 1 lyd rat c KO H ,2 Efi , 
m. pt. 35 0®. although solutions containing more than 85 per cent 
deposit KOH on cooling. 

Tlie impiiro cornmcrxial potossuim Iij-.in.xi.lo containini, 
carbonivte on.l .ulplmte may bo purilir.1 by .lissolvins m alc..I.ol. » 

from the impurities, cvaporaliug the a ii, a aiK er d«b ami 

on adding potassium nyuro fomicd. Bv mixing 

“ ^ r^uTi.. : 2KU 0...H.0 is rortned. 

hydroxide solution will, boric aci.l and cooling. 
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Potassium carbonate. — KXOg is cxtraet<Kl from wood 'ash (p. Cii7)» 
and when purified is called ptar\-ask. I( can bo made from potassium 
chloride by a modi H cat io»i <if the Leblanc |>rocc.ss : the cliloridc is first 
dccom^iosed with sulphuric acid to form ]»otassiiim sulphulc as in the 
salt'Cakc process, and the snljihate is then heated witli coal and lime- 
stone as in the black* ash process : 

2KCI + H^O^ - * 2HC1 

KsS 04 + 2C«K^S + 2CX)t 
K^’ +CaCO, - KjCOg +CaS. 

Potassium carbonate is usually made from [lotassium chloride by 
the pTMbI process. 


A concentmtod solution of iK^tOMium clilnrklo is nuxc<l with soliil 
liyHretod magnesium carbonate MgC'Oa.SHsO. and carbon <lioxjde (limekiln 
dos) is passed into the Hus|)enaion. A miiti eompoiirxl <»r potasMiuni bi* 
carbonate an<i magnesium carbonate is prccipitateii anti a solution of 
magnesium chlorido is formotl : 

3(MgC0j.3H,0) + 2KCI r CO,** 2<MgC 0,.KHCO,.4H,O) + MgCI,. 

The solid double carbtinate is then stirml with water and magnesium 
oxide at 40^ when n solid mi of (HXiwsmm carbonate and a residue of 
hydrated rnnsncsiiim varboimle are forme<l : 

2(MgC0,.KHC0,.4H,0) + MgO = 3(MgC0,.3H,0) + K.f'O,. 

TJie solution of jMassmm carbnnato is filtered and cvA|Kirate<l. 


Potassium carbonate is a uliite deliquescent solid, very easily soluble 
in water to form a solution which is strongl)* alkaline on account of 
hydrolysis : 

KjCOj +H,0 KHCO, +KOH 
CO, +H,0aaHC05' +OH . 

One hundred parte of water dissolve : 


Temp. 0* 23* 

K,CO, 105 113*5 


40* 00* 90* 
117 127 140 


13S*(b.pt.sat, sol.) 
205 


solution on standing deposits moncclinic crystals of 
4K,C0,.3H,0. and below -6“ the hydrate K,CO,.0H,O cri-stallises. 

Potassium carbonate melts at 900* and it forms a more easily fusible 
mixture (“ fusion mixture ”> with sodium carbonate. It U decomposed 
by steam at a red heat r 


K*CO, + HjO -2KOH +CO,. 

A saturated solution of potassium carbonote absorbs carbon dioxide 

IbLrL'Su 

K,CO, + CO, + H,0 = 2KHCO,. 
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Potassium hydrogen carlxinate is ea^ly made by pa^ssin;; carbon 
dioxide over nuiiHt |H>tai^iuni carbonate and drying on a {>orous plate. 
It is murfi less soluble in water than the normal carbonate, but is more 
soluble than sodium bicarbonate. The reerystallised bicarbonate may 
be used in preparing pure potassium carbonate, since it decomposes on 
heating at 190^ : 

2KHCOj ^ K 5 CO 5 + H.O +CO,, 


Potassium nitrate KXO,. called nitrt or soltpetre (Latin, 9al pe/nze). 
may be pre|>ared by neutralising dilute nitric acid with potassium 
hydroxide or carbonate, evaporating and crystallising. It is manu* 
fuctured for use in making giin|K>wder. and smalt amounts are also 
used in pickling meat, e.g. hams. An old method of manufacturing 
saltfietrc winch W still used in India and Egypt is in the sO'Callcd nitre 
fJonUitioM. 

Soil contninine (leci»miMMing mt^«en<l 1 ls organic matter such as urine 
is mixed with lime or cakUnn carboiuite, such as ohJ mortar, when calcmin 
nitrate Co (NO,), is fonneil. probably from the oxidation of Ammonia 
forme<l bv the deoom|HKitioii of orsouic matter in the proaence of feeble 
alkalix. by the activity of micro •orgonisin.s ]>rreent in soil (see 5S3). The 
material is lixiviate<l and asoliitum containing calcium nitrate is obtained 
which is boile<l with wo<Kl*a»|»es (cH>ntaining |K)to»(ium carbonate) : 


Co(NO,), + K,COj s CaC'O, + SKNO,. 

The filtrate on esafwration deposits salliietre. which is purified by 
recrysUllisntion. 

The chcai)cr sodium nitrate (Chile saltpetre) is converted into potos. 
aium nitrate by dissolving (wtasslum chloride in a little hot water and 
adding sodium titrate, ^kxlium chloride, the least soluble salt formed 
from the four Ions K'. Na’, NOj. Cl', deposits from the hot liquid, 
since its solubility is not much increased by rise of temperature (see 
Fig- 5JI) ; the filtered liquid is co<ile<l. when potassium nitrate crystal* 
lises, since It is the least soluble salt at lower temperatures. It is 
pccrystalliscd from water. 

The procftw may be illastrattxl by dissolving 1 1*5 gm. of NbXO, on<l 10 
cm of KCl in 10 ml- of boiling water ; white gpnnulor Xo(*l wmoinH : on 
filtering tlmnigh a hoi-watcr funnel, tlie filtnUe <in cooling <leposiW c rystals 
of KNO„ wJiich may be re<*ryHtallwe«l. 

Potassium nitrate usually crystallise in larsc ar.l.yctro.is rl.utnbic 
prisms, but if tbe solution is slowly evaporated on a wateb-^^^ 
rhoinbohcdra isomorjilious « illi s<«lium nitrate and «il i cn «' 
<lc|..«iU-d. Nitre melts at .ISti* uml at a hijri.er temprature e^ol^es 

2 KN 03 ^ 2 KNO, + 0,. 

Tlie fused salt is a [mwcrful oxidisint' agent ; sulpliiir. eliareoal and 
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phosphorus take fire on it and burn brilliant ly, with the formation of 
potassium sulphate, carbonate and phosphate : 

OKNOj + 5S - 2K^S04 + 2KNOs + 3SOj + 2Nj 
4 KNO 3 + 5C » 2 K 5 COJ + 2N, + 3CO, 

2 KKO 3 +3C » KjCOa +CO- + CO + Nj. 

Potassium chlorate is a more powerful oxidising agent than potassium 
nitrate. 

PoUsriaoi oitritc KXO, is made in the same way as sodium nitrite 

(P- 551). 

Gunpowder. — Most of the potassium nitrate of commerce is usc<] in 
making gunpowder. 

This was apparently first made by t1>e Cliinese about 1150 a.d. if hut 
earlier, for the protiuction of fireworks. Crtel'Jir^, UAtnl in the ftyrniuino 
period, was light petrulenm e«>ntamma <Us4olved resins, etc. It did not 
contain saltiK'trc* and una an iiioeuiiiary. 'n^c invention of gunpowtler 
in the West is usually cnnlito^l to Roger Bacon who in liis 

De trerffU cptribus nriU rt itr uuNtiaff titagior, probably roin|>oscHl about 
1246, mentions saU|)etrv and sul{>lkur oa constituents but conceals eh nrcoal 
in an anagram. Tl\e full recipe is gis*en In the fJbfr /guium of Marcits 
Graecus, the earliest MSS. of which are practical I y contemjjorary with 
Bacon : it also gives recipes for li<]ui<l lire ' for military purposes. Fire* 
arms seem to have been used in Florence in 1330. but field pieces were first 
employed by the English in the battle of Cn^y in 1340. 

Gunpowder i$ an intimate mixture of finely powdered nitre, wood* 
charcoal (carbonised at a low temperature) and sulphur, the materials 
being ground and ineorpomted under stone rollers. The proportions 
of the constituents and the main products of combustion correspond 
roughly with the equation : 

2 KNO 5 + S + 3C -KjS + N, + 3CO,. 

The proportions of nitre, carbon and sulphur corresponding with this 
equation are 75, 13 and 12. respectirely. Carbon monoxide is also 
evolved in the explosion and the resitiue contains some potassium 
carbonate and sulphate. Abel and Noble (1675) considered that tlie 
explosion of gunpowder cannot adequately be represented by a chemical 
equation, since the reactions are complicated. 

The gaseous product is mostly carbon dioxide, carbon monoxide and 
nitrogen, whilst the solid product (including that in the dense smoke) is 
mainly potassium carbonate, potassium sulphate and potassium sul- 
phide. 

Potassium cyanide. — Potassium cyanide is formed by heating potas- 
Slum fertocyanide at a bright red heat: K,Fe(CN)i*=4KCN +Fe + 
^ N,. or Mnth potassium carbonate : K 4 Fe(CN )8 + K.COa »6KCN + 
KCNO (eyanate) + CO, + Fe. If the ferroc^'anide is fused with sodium. 
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a mixture of sodium ami potassium cyanides is formed : K4Fe(CK)« + 
2NaB4KCN -KiNaCN •¥ Fe. Potassium cyanide is prepared by Beilby's 
process ; ammonia uas is {Kissed over a mixture of fused potassium 
carbonate and carl»on : K,CO,-i-C-r2NHj = 2KCX + 3H,0. Tbe 
fused cyanide is decanted and moulded, and is pure. 


Very ]>ure potr^Miutn cyaniile. rn.pt. 034 5*, is obtaine<l by rccrystalMsing 
from niiliyilrt>iu licpiid ammrmia. PoUssiuoi cyaaate KCXO is mado by 
fu?<ii»K tbo cynni<Jo with lead oxi»!e r KCN + PhO = KC'XO + Pb, or by 
iteatijii; {H)ti«s<iurn ferrocyanide arui |Kitas«iiim dicOmunata in an iron 
dish, urid extmetinu with SO {ler I’eni aU*4ilH»l. Tho (upieoua solution 
slowly hydrolyses with formatum of armnoiiin : K(*XO -f 2H,0 = XH, 4- 
KHCO>. When acidilierl it evolves cartxm dioxhio with eflcrvcecenoe : 
HCXO t> XHj. 

Potassium (bieeyanau KCXt>. m. pt. I CP. is forme<l by fusiiut a mixture 
of potasHium ferrocynnide and carlwnate with sulphur. It occurs in traces 
in siilivA. PflUssamide KXH, tm. pt- 271*). is formed by iNmIng dry 
ammonia gus ov*er honte*! {>ola$sium : 2TC + 2XH| ~ 2KXH: H,. 


Potassium phosphates. — The common |K»ta»ium phospliatc ispricasry 
peussium pbospbsts (potassium diliydrugcn phosphate) KHiPO^. wliicli is 
formed in crystals from a solution of (he requisite amounts of phosphoric 
acid a iid potassiu m f ly drux Uic . The iscoaivy poUuiua pboipluit K, H PO4 
(coffcs! lending with ordiiiary sodium phosphate) is very difficult to 
crystallise. The tifiiary potssrism phoipbsis KjP04 is made by cf,N*stal- 
lisijig from a s«>hitloii conUining an excess of iwtassium hydroxide, 
and is very soluble. PoUMlaca pyTOpboiptot# K4P5O7, and several 
of the met’aphospliatc (KPO,). arc known. A |»©i«««id pboiphids K,U 
is formed by heating the elements at 40U* in a vacuous tube 
Rb,P. and Cs-P^ are obtained similarly). 

P'oUsaium and sodium suJphidas.— Potaasium an<l sodium burn wlicn 
heated In sulphur va|»our. forming mixtures of sulphides. By using 
cxce^^ of metnl and heating the product In a vacuum, the pure mono- 
.ulplurlc* K.S and Xa..S rrn.ain in cubic crystals. 

The freezing points of mixtures of tfic moii(>suli)imics and sulpliur 
stiow that the following higher sulpliides exist ; 

KA 

Na-S-. 


KA 


K,S, K.S, K.S. 

Na.^ Na..S, X8,S. 

The moacalphidM Na..S and K.S arc obtained by 
over the hcateii sulphates, and less pure by healing tlie sulphates with 

cxccKS of carbon : k^sq, * 4H, = K^S + 4HjO 

K:S04 4^2<’-K-S + 200*. 

nv fiLsing iKdnssium earlnuiate with sulpl.ur, ? “'•"•"'‘'"‘X' Zy. 

bv licat : nK.rO, j- 1 2S = 2K»S. * K 
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A solution of liver of sitipitur is tisccl in {^r(l<iuiig to combat mildew and 
insect pesU. 

If a solution of potassium or sodium hydroxide is saturated with 
h^^lrogen sulphide and evaporated, the bydrosoipbides KaHS.2H20 or 
NaHS.dHjO, and 2KHS,H20 cr\*sta]lise. Tiie anhydrous liydro* 
sulphides are obtained by heating the metals in hydre^en sulphide : 

2K + 2H,S»2KHS + H2, 

or by the action of liydrogen sulphide on solutions of sodium or potOH* 
slum et)i oxides in ethyl alcohol : 

NaOCjHj + H,S - NaHS + CjHsOH. 

If a solution of potassium or sodium li^'droxide U saturated with 
hydrogen sulphide, an equal volume of the alkali is added, and the 
solution is evaporated, the monosulpliides and NagS.OH^O 

separate in colourless crystals. 

Sodium sulphide is made technically by fusing sodium sulphate {salt- 
cake} with powdered coal in a revolving furnace : 

NajSO* + 2C - Na,S + 2CO, 

NsjSO^ + 4C * Na^S + 4CO. 

T))e product is lixiviated with uator. eva|)orated and crystallised. It is 
used in removing hair from skins and in making sulphur dyes. The 
residual sulphide liquor is treated with sodium carbonate and sulphur 
dioxide to make sodium thiosulphate : 

2Ka2S * Na^COa * 4SOt • ^KajS^O, CO}. 

By boiling alcoholic solutions of tha hy<lroaiilphides with aulphur, 
poUuium paatasulphidt K,2>| and sodium tctrasulphide NaiS^ are obtoinod. 

forms bright oratigvrad cr>*su]s giving a deep*orango solution which 
bacomaa darker on heating. NoaSi forma dark*yellow crj'stals giN'ing u 
deap orange solution which also becomoa darker on heating. Sodium 
difulphida Na|S« is obtained by adding sodium to nn oleoholie solution of 
Xa,S, and forma brightly el lou* microscopic crjstftla. giving a deop -y el low- 
solution Nviuch doe« not darken on heating. 

Potassium sulphate. — \M)cn dilute sulpliuric ncid Is neutralised with 
potassium hydroxide or carbonate and the solution evaporated, an- 
ftydrous rhombic prisms of pouasiam solpfasta K2SO4 separate. These 
are not very soluble in water (10*3 gm. at 15® and 24- 1 gm. at 100® in 
100 gm. of w-ater) ; the solubility increases almost linearly with the 
temperature (Fig. 53). 

Potassium sulphate occurs in large quantities in the Stassfurt potash 
deposits as double salts: 9chdniU KjSO^.MgSO^.GHjO, and kainiU 

K,SO„MgSO^.Mga„eH,0. 

If kainite is dissolved in hot awter it breaks up into its constituent ions 
Mg**, SO4", Cl'. By fractional cry-stallisation. those salts separate first 
(including double ealU) with which solution firat becomes saturated 
(van't HoffJ. From warm solutions the double salt fchOniU firet separatee. 
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since it U lonst soluble, an<l magnesiom clilorido remains in solution. If 
the schonite is digcsleU witli a solution of (Mdassiiim chloride {occurring at 
Stossfurt os fyU’tne}. (he following reaction occum : 

K^O*.MgSO, + 2KCM 2K^, + MgCl,. 

Tho S]>aringly soluble potassium sulphate separates first, followed by 
coriiaUUt KChMgCL.OHjO. from which i>olassium and magnesium clUoridee 
can bo prepared. 

Potassium sulphate is made in smaller amounts by heating potassium 
cliloride with concentrated sulphuric acid : 

2KC! + H:SO,-K,SO^ +2HCI. 

and as a by-product in the manufacture of potasrium dichromate and 
j)ermanganate. It is used in the preparation of potash alum and as a 
fertiliser, especially for tobacco, since it is not easily fusible (m. pt, 
1050*’) and gives a suitable ash. 

When potassium sulphate is heated with an equivalent amount of 
concentrated sulphuric acid it dissolves, forming pouiima bydrogsa 

tulpbste KHSO| (*‘ potassium Ijisulphatc ” KjO,2SOj,HjO or “ acid 
potassium sulphate •*) {Roulle. 1754). This is easily fusible and solidi. 
fics on cooling. It is obtained as a by-product in the laboratory 
preparation of nitric acid. It is readily soluble in water, tlic solution 
having a strongly acid reaction : 

KHSO|-K +HSO/ 

HSO/ssH +SO4". 


On evaporation the solnlion {in uvconUnco «-ith van’t Hoff's rule) 
deposilH the normal sulphate Kp^O,. which is the 

beUmes saiuratCil- Tlw resulual solution conUina frw sulphuric 
flci<l, From it on ciK)liiiR tlic fom|>oiin<i 

finally KHSO,. Tho com|>ounds KrSO^.SKHhO^ nivl K,S 04 .«KH 4 

are also known. 

At a red heat potassium liyUro^ien sulphate loses water and forms 
potsMinm diselplia« : 2K HSO| * H ,0 + 

At higher tem|)craturcs this evolves sulphur Irio.’tidc : 

K^SjO, = Kt.SO4+S0,. 

II ia used 10 attack refractory miuomls ir. ‘‘ IrcoITert^t 

s..l,,l„.ric acid of Wl. boiliau it is ant 

inJ, ferr..us oml chrom.c sulplmtes. amt rHSO. 

.Ha:™ 

from sulphur iriosiJc and p-rtassinm siilpliolc 1 

Kr‘^0* + SO,:sK,S,0,- 
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picric Bci<ls» ami with siHimm cobalt initritc. rottwtajom iodide is not pro* 
cipitated by chloroplatinic aci<l. I'otossium Jiydro^n (urtrato is pre* 
cipitate<l only in Sf)lutionx c*ontiiitiiii^ no miiicrul acid : it (os well oa tbo 
chloroplattnate) is prcci])itate<l morccHsdy by ndfling alcohol and scratcliing 
the tube with a gloss ixmJ. Tl»e IiImc finmo coloration and tlie spectrum ore 
also useful os tests. 

Ammonium 

AnUDomum amalgam. — Ammonia readily oombinos with acids to 
form salts. Lavoisier, and later Dumas (18^), regarded these aaeom* 
pounds of ammonia with acid*, c.j. ammonia hydroehloridc NH 5 .HCI. 
Davy (1808) and Am|>ere (I8IC) supposed that the salt* contain the 
sotnenin m radical N , w h i ch beh a ve* I i kc an a I ka li • met a I . Sal a m m 0 n iac 
is ammonium ekhride NH^Ch analogous to potassium chloride KCl. 
This view was favoured by Berzelius in 1820. 

The ammonium theory was sup|)orted by the disco verv of stunoaian 
amalgam independently in 1808 by Soebcck in Jena and' by Berzelius 
and Pontin in Stockholm. If a solution of ammonium chloride is 
electwlysed with a mercury ealhodc (Fig. 130) the mercury swells up. 
forming a soft pasty mass which rapidly decontposcs, evolving hydrogen 
and ammonia in the ratio of J vol. to 2 : 

2NH4-H, + 2NH5. 

Davy in 1808 confirmed this observation and showed that ammonium 
amalgam is also formed by the action of potassium or sodium amalgam 
on a solution of ammonium chloride : 

Na + NHiCI-NaCUNH,. 

If a little sodium amalgam ia abided to a cold eoneentrauxl solntlon of 
ammonium chloride, tlie amalgam swells up to a sj>ongj* moos. If (his is 
put into water, bubbles of hy<lrogeo are evolvetl an<l tiie liquid smells of 
onunooit. 

Seely (1870) found that ammonium amalgam eompreasod in a tube imcler 
a piston obeys Boyle’s law and concluded that it was simply a froth of 
hydrogen and ammonia gasca in ntereury. Ammonia, however, is very 
toluble m water and other experimenU favoiir the existence of ammonium 
m the amalgam. Although the amolgem doea not reduce solutions of 
chloride or copper sulphate at tl*e or<linar>' temperature, it redtices 
solutions of copper, codmium, zinc, and oven barium, salu at 0 ". Tlie 
voltage required to deposit sodium on a mercuiy cathode is similar to that 
required in the formation of ammonium amalgam. Ammonium amalgam 

also for^l by the actiem of sodium amalgam on ammonium chlori<ie 
dissolved in anhydrous lictuid ammonia. The deep-bluo solutions obtained 

potassium in liquid ammonia may contain metal 
ammoniums NH.Na and NH,K. 

Acwrding to &hlub«h and Ballauf ( 1 92 1 ) a colourlea, solution eontain- 
ammonium » formod by adding ths blue soluUon of sodium in 

decomposes at ^40*: 2 NHg» 
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The ammoiuuiD ion.— Tlic anirncmiiun asIia w'cre once tliought lo con- 
tain .')<valetit iiitrugen.c.j?. <1. hut it m nuw ronsidarecl that the 

positive aniTnonium ion k fonnoil by tlie a4l(liti<in <if the neutral ammonia 
inoieculo to the hydrogen ion (proloii), wluvli renmins xinivnlent ao that 
tlie whole aiiunonium ion is also univalent. The proton Is linked by the 
lone pair of electrons <ai the nitrogen atom : 

H 

N : + 


H 


H » 


H 


H 

H N 
H 


H 



The four hydrt^^s are attached to the nitrogen at tl)e comera of a lotra* 
heilron with nitrogen at (lie centre, aa U proved by the optical activity of 

a apiran compound (Fig. 3dD). the t<trAhe<lral 
arrangement of vatoncien being necessary to form 
a <lisayinmetrif structure (Mills and U'arren* 
1925). In ammirnium salts the NH, ions form a 
lattice with negative tons. 

Ammonium chloride NH^Cl (»rf ammoniac) 
occurs in volcanic gases. It ie prepared by 
neutralising ammonia with liydrochloric acid 
and cva()onilmg. also by subliming a mixture 
of ammonium sulphate with common salt: 

4.2NaCI - Xa^SO* + 2KH,C1. 
by heating in a cast-iron basin provided with 
_ . , , an iron dome having a small hole at the top. 

»im^iire*^'of^*the‘*em! The cake of ammonhjm cliloridc w'hicli stib- 
inoniuiD ion. limes into the dome is broken up and forms 

tough fibrous irregular lum|w. often stained in yellow patches w'ilh 
ferric chloride. An imitation of the sublimed jirotiuct is m^e by 
strongly com))rcssing the i^owdeml salt ; rolioidc. usetl in batteries, are 
small tablets prepared by comprc*ssio». 

Ammonium chloride is made in amnion la-wxia works by crystallising 
the Ihjuors from the bicarbonate tillers (p. 692), which contain NH 4 a 
NaCl and CaClj, and drying the salt with hot air. 

Ammonium chlori<le cTC-stalhsc^ in feathery gmwilu* which orcaggregalw 
.f tnln Seclra or other fonns of the rainilar system, but the crystals 
ilk hklTr .1,- koxagom .! .. Fro.n » .olu.^n 

lion |H»int at 184-5'. 

Amn.c,nium cMori.ie is rewiily soh.blc in «-.tcr and » ® 

loworinc of temiwraturc results. It is very sparingly soluble m absolute 

ilolol Tboarucous solution is onlyslipb 

It ammonia cicapes on boiling, leaving a .Hstinetly ae.d h,u,d . 
NH.CI + H,0 NH.OH + HC’I ^ + H,0 ^HCI. 
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Ammonium chlciriJe vapour is practically completely dissociated : 

NH,ClraNHa + HCl. 

According to H. B. Baker, when the pure salt is carefully dried over 
P|0„ it gives the normal vapour density correepomling with NH^CU but 
this result was called in question by Rodsbxish and hlichalek (1920), who 
used an impure salt. The dissociation on heating explains the action of 
ammonium chloride as a flux in soldering : the metallic oxides are converted 
into volatile chJoridea by the hydrochloric acid, and a clean moUl surface 
IS left, e^. X ^ 2NH,CI = CuO.* 2NH, + H,0. 

Aflunoniuiii fluoride NH«F. bromide KH«Br. and iodide NH.I are obUined 
by neutralising the corresponding acids with ammonia. The fluoride 
decomposes on fusion to form the acid fluoride : 

2NH.F = KH, + NH,HF,. 

Aouaonjoffi cblotete KH«CIO» is unstable and spontaneously explosive ; 
even solutions may ex plode violent ly on e vaporat ion. Ammoaium perehlorsta 
NH^CIO^ IS more stable, but is endothermic and deflagratee with a yellow 
fl.me over 200* ; jnH.CIO, = N, + O, + 20. . 4H.O. 

Ammonium iodaU decomposes on Itasting : 

2NH,IO*« N, ♦ 0, + 4H,0. 

Ammoaium bydroxids .—Although crystalline solid 2NH5,H,0 and 
NH,,H|0 are known (p. 616), it is doubtful if they are amtnonium oxide 
(NHfliO and ammonium hydroxide NH^OH, respectively. 

It is sometimes supposwl that aqueous ammonia contains ammonium 
hydroxide, which is a weak bass : 

+ +OH. 

hut iU general properties can be explemed by supposing tliat the ammonia 
Withdraws hydrogen ions from the water to form ammonium ions, leavinc 
the hydroxyl ions of the water which cause Uie alkaline reaction ; 

NH, ^ H’ + OH' fls NH/ + OH'. 

Ammonia is a weak base and this has been explained by supposing that 
the lone pair of electrons on the h>'droxyl oxygen can co-ordinate with a 
nyilrogen of the ammonium ion to form unionised ammonium hydroxide 

H,NH* + OH'»H,NH-e-OH. 

'*>■<*"*“*• t«t~n>»thyl ammonium 

k “ "* '•* hes no hydrogen 

w*th which the hydroxyl oxygen can co-ordinate : (CH,) 4 N+ + 

A^onimn carbon,tes._Commeroi.I ammonium carbonate or 
la made by heating a mixture of chalk and sal ammoniac or am- 

“ItZaZr' if '* ad'lition of a Uttle 

water, and forms a white semi-transparent fibrous mass covered on the 
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outside uith a white opaque powder of amDOoiom bicafbooate NH^HCOg, 
and smelling strongly of ammonia. 

Tliis commercial carbonate is a compound of the bicarbonate and 
ammonium eatbamaU NH^O'CC NH,. with some normal carbonate 
(NH,),CO,. 

Carbamic acid is the monoamide of carbonic acid, the diamide being urea 
(eor6amidc) : 


/OH 

CO/ 

^OH 


/KH, 

CO( 

\OH 


/KH, 

CO/ 

M)NH, 


CO< 


NH, 

KH« 


If commercial ammonium carbonate is treated with alcohol the car- 
bamate dissolves leaving the bicarbonate ; on exposure to air the car- 
bamate slowly volatilises, leaving the bicarbonate as a white powder. 
The bicarbonate can be crystallised ; it decomposes at 60* : 

NH 4 HCOJ ^ NH, + CO, + H,0. 

although at the ordinary temperature it docs not smell of ammonia. 
Commercial ammonium carbonate can be used as a baking powder since 
it volatilises completely on heating. If it is gently warmed with concen- 
trated ammonia solution mmouiw »«qaic«bos*ie 

2NH|HC0,.(NH4>,C0,.H,0 

is obtained in cr>‘ 8 tab. The aormaJ esrboosN {NH 4 >,C 0 , is obtained by 
digesting sal vohtiU for two hours with concentrated ammonia at U , 
and drying between filter-paper the crystalline ]>owder rcmaminfc^ 
which is (NH*),C0j,H,0. U is formed when the carbamate js dissolved 


in water : 


,NH, .ONH, 

Co/ *H,O^CO( 
^ONH, ^ONH. 


80 that when the comn.crcial carbonate ia delved in 

tlie normal carbonalc is formed. The carbamate is deposited «lien 2 

vols. of ammonia gaa and 1 vol- of CO, arc mixed : 

2NHa +CO, ,.5 NH.O-CONH,, 

and on heating it dissociates into these gases. 

o .h or., k made by lusating a mixture of ammonia gas, carbon 
dioxTae a“^ttio -t- un^der pressure at 135= i ammonium carbamu.o 

is firet formed end tl«m l‘«8 ““‘-r = 

2NH. + CO. = NH.O CO NH, = KH.-CO NH. + H.O. 

.IB... KH,no. ™ «»• 

“r r'-is" . h‘ ^ - 

Tot.. ’’ oT“. l.i i. » . 01 •" 
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into 50 per cent nitric acs<i ; ( 2 ) by tltc double decomposition of 
calcium nitrate and ammonium carbonate or sulphate in solution ; 
(3] by the double decomposition of ammonium sulphate and sodium 
nitrate in solution : 

(NH 4 ),S 04 +2NaNOj SNH^NO, + NajS 04 ; 

{4} by using sodium nitrate instead of common salt in the ammonia' 
soda process : 

NaNO, + NH 4 HCO, ^ NH^NOa + NaHCO^. 

Axiother method of preparation is described on p. 541. 

Ammonium nitrate exists in live crj’stalhne forms, with delinite transi* 

- 17 ' 38 !• « 

tion lemperotureA : tetragonal m rhombic*! m rliombie-ll «« rhombo* 

ijsr 16 U- 0 * 

hedral m cubic m liiiuid. TJie rnoUmg i>oint of the anhy<lrous suit is 
that of the or<linary salt containing a littlo moisture is 165*. The 
transition at 34 2* is accompanied by an expatision which may break a gloss 
vessel in which the salt lies solidihctl. 

Ammonium nitrate is used in the preparation of nitrous oxide (p.546): 

NH^NOj-NjO-rSHjO, 

and as a constituent of explosives. It dcHagratcs wit It a yellow' dame 
above 250^ ; 

2 NH 4 NO, - N, + 2NO + 4H,0. 
and at lugher temperatures it detonates : 

2 NH 4 NO, -2N, + 0, +4HtO. 

A mixture {amatol) of 80 parts of ammonium nitrate and 20 parts of 
trinitrotoluene is used os sn explosive. 

AauaonJum aithU NH^NO, is obtained oa an explosive deliquescent 
sglid by passing " N|0, " gaa (p. .MO) o>*©r solid ammonixiin carbonate in 
a cooled tube, dissolving in alcohol, and precipitating with etlier (Sdrenson. 
1894). 

It can also be prepared by evaporating a concentrated aolulion of sodium 
nitrite and ammonium chloride in vacuum and subliming in vacuum iNeoai 
and Adhicary, 1911). ® 

A solution for the |>rei>arati<m of nitrogen is made by mixing sodium 
nitrite with ammonium chloride or sulpliate in solution. 

The ammoBium phosphstss NH.HjPO^, (NH,),HPO, and (NH,),PO*.3H,0 
are formed from ammonia and piio^horic acid. The salt (NH^ljHPO 
crysUllises when a solution containing an excess of ammonia is allowed to 
evaporate. Microwsmic se/t NaNH«HPO« is described on p. 695. 

AauQoniujn sulphides.— The formation of colourless needles and 
plates of snuoaioa hydrosolphids NH^HS by mixing equal volumes of 
g^us ammonia and hydrogen sulphide tvas described by Bineau 
(1838) and confirmed by Bloxam (1893), 
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Bin^au < 1839) 8tat«<l tliat a mixture of 2 vole, of ammonia witli 1 vol. of 
liydrogen sulphide at - 18^ gavo mica* tike crystals of ammonium mono* 
sulphide (NH«),S, but Bloxam found tl>at those crystals always contain 
ammonium hydrosiilphide, and although he says he obtained the mono* 
sulphide by carefully adjusting the volumes of the reacting gases and their 
rates of flow, the product was probably contaminated with hydrosulphide 
(Thomas and Riding. 1923). 

Pure ammonium hydroaulphide Is precipitated in fine needles on 
passing dry ammonia and dry hydrogen sulphide alternately into dry 
ether. It dissociates rapidly and can be kept only in sealed vessels. 

When hydrogen sulphide is passed into concentrated (0'880) ammonia 
solution diluted with four times its volume of water, a solution of tlie 
hydrosulphide U formed (Kirwan. 1786). Crystals of (NH4)tS,2KH4HS 
separate on cooling to 0^ a solution prejuired by saturating 0*880 
ammonia w*ith hydrogen sulphide. The norma) sulphide docs not 
appear to exist in solution. The freshly prepared solution of the hydro* 
sulphide is colourless, but rapidly oxidises on exposure to air and 
becomes yellow owing to liberation of sulphur, which dissolves in t)ic 
excess of hydrosulphide to form yellow uDmomuffl pelysulphidst (NH 4 )tS, : 


4NH4HS + 0t-2(NH4)^,+2H,0. 

The same yeffou’ ammonium 9vljAi<U is obtained by digesting flowers of 
Bulpliur with the solution of the hydrosulphide : the main product 
appears to be (NH 4 ),Sj. On prolonged exposure to air the solution 
deposits sulphur, and forms a colourless solution containing tauDcaium 
Uuotalphsls ; 

2<NH4)A + 30* - 2{NH4)^,Oa +6S. 

Ammonium sulphate (NHiltSOi. described by Libarius (1597), is 
manufactured by passing ammonia gas into 00 per cent sulphuric acid 

(p 521). Insteadof using sulidxuric acid, ammonia gas may be a bsorbcu 

in a suspension of calcium sulphate (calcined gypsum) and carbon di- 
oxide passed into the liquid, when calcium carbonate is precipitated and 
a solution of ammonium sulplialc is formed : 

CaS04 + 2NH, *t CO, + H,0 - (NH4),S04 ‘t'CaCO,. 

Ammonium sulphate forms Ufge trans^rent crystals 
with potassium sulphate and very soluble in water. 
nowUered ammonium sulphate it loses ammonia even belou 100 , an 
^ 300^U completely converted into molten Munoiaam k 7 dro«.» »<dpl> 
which melts at 140’ after solidification ; 

{NH.),SO,-NH,HSO, + NH,. 

trated sulphuric acid and cooling. 
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Amm rtiuum julphlU (NH,)fSOa crysUllises on cooling a solution of sulphur 
dioxids in sxcess of conc6ntrato<l ammonia solution. 

Alkali matal polyhalidas. — Iodine is more soluble in alkali iodide 
solution than in water, and the brownish -red solution contains the 
tridodide ion I3'. Many $olid polyiodidea and mixed halides are known, 
mostly anhydrous butpotassiumtrniodideonly asthe hydrate KIjiH^O. 
The methods of preparation include (i) the direct addition of halogen 
(KlClj + Clf^KlCI^), and (ii) halogen or halogen compound displace* 
ment(CsBrj + It-CsIBrj + IBr ; (ilClj +2IBr*CsIBr, *►210). Apart 
from the actual preparation of the solids, the complex ions may be dc* 
tec ted in solution. 

In a methed used by Abegg and Hamburger (1 906) a fairly concentrated 
solution of iodine in benzene is shaken with solid alkali iodide MI. If two 
phases are present, e.g. kll, and MI, the iodine concentration in the 
liquid phase will be constant on addition of iocline until there is only one 
solid phase MI,, when it begins to alter. The solid b analysed at this point. 

Some types of polyhalidea are : 

(1) MX, : knoum only aa NaI,.3H,0. 

(2) KIX, : a common type, known in trUiodidea of K (hydrated). Rb. Ca, 

KH„ Tl i tribromidea RbDr,. OBr,. : and mixed halidea MIO, 
(K, Rb, Cs, NU4), Cal, Cl (the only one of this type). CsIDr,, KlBiCI, 
CsIBrF, etc. 

(3) MX4 : known as NaI,.2H,0 and Cbl« (which may be CsJ,). 

(4) KIX, : known in Nal4.2C4H4NO,. and the very stable orange*red 

mixed halides MICI« (Li. Na. K, Rb. Cs. NH«}, also MICl|F. 

(6) MI, : known in 2KBr«> 3HaO. 

In these compounds the heavy halogen is multivalent, the (Cl — I— Cl]~ 

ion being linear and the ICl,' ion square with four chlorine atoms at the 

comers. 


LmnoH 

Lithium is widely distributed, but occurs in quantity only in a few rare 
minerals. Traces of lithium are found in milk, blood, plants (eepecially 
tobacco), and the soil. The lithium minerals are triphyliu (Li.Na),P04*l* 
(Fe,Mn),(PO,), (l‘6-3‘7 per cent Li), pefohVe LiAi(Si,0*), (2* 7-3*7 por 
cent Li), Upidolite or WAtwm mica <Li.K.Na),A],($iO,),<F.OH),. omblyguniu 
Li(F,OH)AlPO, (2 4-3 per cent Li), and ^todumcnc LiAl(SiO,), (3'8-6 0 
per cent Li). Lithium occurs in some mineral springs, e^. in Baden and 
at Bedruth in Cornwall, in some radioactive minerals (e<g. camotite), 
and in the sea. Tracee of lithium are found in many minerals and in 
meet kinds of glass. 

Lithium was discovered by Arfvedson (1817) in peUlite and spodumene j 
the metal was isolated by Bunsen and Matthieasen in 1666 by the electro. 
fr uf chloride. Lithium may also be obtained by the electrolysis 

of lithium bromide containing 10 per ctnt of liUiium chloride. It is a ailver- 
»hite metal, harder than sodium. Umishing in the air, although leee 
wadily than the other alkali-metals, and decomposing water with evolution 



714 


INORCAN’IC CHE^IISTRY 


[CHA? 


of hydrogen. It U the lightest metal (density 0*53 ai 20^). It does not fuse 
on water like sodium and potassium, since its melting point (180^) is higher. 

Lithium mIu are e.^tracted frum the minerals, such as spociuraene, in 
^’arious «*ays. In one process the finely 'powderetl mineral U digested with 
conoentratecl sulphuric or hydrochloric acid, which is evaporated to render 
silica insoluble. The residue is taken up with water and the solution 
hkered. To the filtrate the requisite amount of sodium carbonate is adde<l 
to precipitate iron, aluminia, magnesia, etc., and the filtrate is concen- 
trate<l by evaporation. Excess of sodium carbonate is then added, when 
lithium csrbeaste Li, CO, is precipitated, as it difTsTS from other alkali 
carbonates in being sparingly soluble in water. Another process is to fuse 
the mineral with barium carbonate and sulphate, extract with water, pre* 
oipitate the filtrate w*ith barium chloride, and evaporate to <lr>'ness. The 
residue contains sodium, putaseium and lithium chlorides, and is iligested 
witli a mixture of absolute alcohol and ether, in which lithium ehlohde 
LiCl alone is soluble. This salt (m. pt. 6(KC) is one of the most deliquescent 
substances known, but lithium fiuonde LiP is only sparingly soluble (r/. 


CaCI, ond CaF,). 

Lithium bums with a white flame when heated in oxygen above its 
melting |)oint, forming white Uthium mooesde {lithio) Li,0, which dissoivea 
itou'li/ in water with only mo<lerate rise of temperature, producing lithium 
bydroxide LiOH- The latter is made by decomposing an aqueous solutiun 
of bthium sulphate Li,80« with bar>’ta. water. It crystallises from solution 
os LiOH.HjO. and is a strong base, On healing the cr>'sUle in hydrogen 
below UO' Q white porous mass of LiOH renwina, and at 780* the oxkIo 
Li,0 is forme<i. Lithium peroxids Li,0, is formed by drying over P,0» the 
precipitate. Li,Ox.H,0,.3H,O. obtained by adding hydrogen peroxule 
and alcohol to a solution of lithium hydroxide. Only a trace of lithium 
pcroxi<le is formetl when lithium bums in oxygen (c/, Na and K). 

Lithium combines with nitrogen slowly at the orciiMar>' temporaturo sri<l 
rapidly on heating to form lithium aitnde Li,H (r/. inagneaium). It is llio 
only alkali meUl to combine <liractl.v witli tiitrogeii. 

Lithium caiboosle Li, CO,, and bthium phosphate Li,PO„ are sparingly 

soluble and are precipitated from lithium chloride s.dution by the corrospon^^^^ 

iug -MMlium salts- The carbonate dbwdvca iti a solution of carbon dioxide 
to form a solution of bthium bcarboaaU UHC'O, wlucli .a more -olab^n 
11.8 normal oarbonata IcJ. (•.(H('0.|.). Tha a..lu..on of ‘^a ““J 

callcl IMia u-ofrr. On haaling tl.c normal rarbonato m 
it .lwomiH>se* completely into ll«> oxi.lo and carbon dioxide 1'^- 
n tbeae 'reactiona li.hinm abo« a much 

olliftline.oartlis, c.tf. calcium, than to those of the alKaiis. u»oj 
nitrate LINO is very delUpiescool. anrl w soluble in alcohol. Ll^um p^ 
UW £o rcldilv eoliiblo in walcr an.l (imliko tUo ai.lplia.ee of .he 

^'!^rvJrb"!.ra;:.''r:^r^" « >->■ .-eak yell-- Ihie ,a.0t A.) and a 
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brilliant crimson line (6708 A.). Lithium is separatee] from potassium by 
the solubility of its chloru[)la(inAte Li^PtCh. and from sodium by the 
solubility of its rhlorido in n mixture of absf)lute alcohol and ether and ia 
pyridine. In which sodium chloride is insoluble. 

lithium hydride LiH is formed by direct combination of the elemonts. 
Fused LiH on electrolysis H, at the otiode. Lithium forms the sulphides 
Li^, Li, St. and Li,S«. Tlie carbide Li,C, b formed in the electric furnace, 
and with water evolves pure acetylene : Li,Ca + 2H,0 ^ 2LiOH + C,H,. 


RrciDiru and Caesiuu 

Rubidium and caesium arc rare. They occur in very small quantities in 
certain mineral watcre Diirkheim, UngemAch» BourbonnedeS'Bains*^ 
1 litre of the latter contains 18*7 m|tm. of RbCI and 32*5 mgm. of CaCI). 
Rubidium salts are absorbe<l from the soil by plants, but coosium salts 
are not and act as vejretable poisons. These two elements were the lirst 
to be d isco vere<i by the spectroecope < Bunsen • 1 660-6 1 ). Tl^oy give red< I ish • 
lilac and blue flame colours, respectively (Latin rubidus « darkest rtxl, and 
coeaiusethe blue colour of tlie sky). The)' also occur in lopidolitc and 
some rare minerals. Cams Hite contains about 0*035 per cent of RbCI. 
which collecta in the mother liquor from the preparation of potaasium 
chloride and is extracted from it. The richest source of caesium is the 
rare mineral polhix or pUluciU. a hydrated caesium aluminoeilicate fovind 
on the island of Elba. 

These two elements may be separated from the other a I kali -metals an<i 
from each otlier by tho different solubilities of the chloroplatinates and of 
the alums : the amounts in gm. dissolved by 100 ml. of water at 20^ aro : 

K Rb Cs 

Alumt 13*5 2-27 0-CI9 

M,PtCl« I 12 0*141 0 070 

Caesium may be separated as the characteristic Qodfjro^'i tall Cs,Sb,CI,. 
precipitated by a solution of antimony trichloride in hydrochloric acid, 
which is decomposed by ammonia to give caesium chloride. 

Caesium carbonate is soluble in alcohol, rubidium carbonate is practically 
insoluble. 

Rubidium salu are widely distributed, although in small amounts, but 
caesiiun compounds are vetj- rare. Although nj bidi urn sal (a are absorbed by 
plants they cannot replace potaasium, and the plants die unless the latter is 
pro viderl . Rubicl lam is feebly radlosct i ve. tlie isotope ’’Rb emit t ing )5.ray s- 

Metallic cassitim (first obiaiited by Setterberg in 1882) is best prepai^l 
by distilling the chloride with a large excess of calcium in vacuum in a 
nickel tube and condensi^ the vapour in a glass receiver ; it is used in 
photoelectric cells, in which a verj* thin film of caeeium Is deposited on a 
very thin film of caesium oxide supported on silver. Both rubidium ond 
(especially) caesium are very soft at room temperature and have a sUver- 
w*hite lustre. 

The oxides of rubidium and caesium are : 

Rb,0, Rb,0, (black) RbO, (orange-s-ellow) 

Cs,0 (orange-red) Cs.O, Cs.O, (black) CsO, (orange-red). 
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The dioxides MOi are formed by burning the metals in oxygen and the 
other oxides are obtained in succession by heating the dioxides in vacuum. 
Potassium dioxide KO, is the normal product of the combustion of potas* 
sium in oxygen. Sodium forms sodium peroxide NajOs. but by heating this 
in oxygen under high pressure at 490* the bright 'Orange sodium dioxide 
NaOt is formed. 

The oxides M,Oa, M|Ot« and M|0 of rubidium and caesium are formed 
by heating the dioxides MO^ in a vacuum. Sodium sesquioxide NajOa is 
formed as a rose*red precipitate by passing oxygwi into a solution of 
sodium in anhydrous liquid ammonia. 

e » 4 4 

The peroxides M|0| of all the alkali meuls conUin the ion ( i 0 : 0 : i 

*4 * * 

the dioxides MOt contain the paramagnetic superoxide ion with oae 
odd electron and may be represented with a tlires -electron bond (p. 437) 

[:0T0:r. 

I • 4 4 

Potassium trioxide KO| is obuined in red -brown neeilles by the action 
of ozone on dry powdered poiassium hydroxide and extracting with liquid 
anhydrous ammonia. It reacte violently with water, evolving oxygen 
end forming potassium hydroxide. It is paramagnetic and contains the 

linear ion ( : 0 : 0 : 0 : with the threc-clcctron bond resonating. Sodium 

trioxide NaO* is prepared in a similar way and has similar properties. 


Fa A SCI cu 

The radioactive element fr»aciu» ie formed as abrancli-change product by 
a-ray emission from actinium : 

1iAc = *SFr.JHc. 

The oredominoting radioactive change of actinium ia by a S-ray change 
to;a^io«.” ri~.ope of thorium (p. 402). About 1 per cent how- 
ever t.nde.goca an .-ray change to 

cally as an alkali metal, crystallising with CsCIO, and ts.PtCl,. 



CHAPTER XXXVn 
COPPER, SILVER. AND GOLD 


Ths meUld of the odd series (or sub-group b elements) of Group I occur 
in Nature in the free state or else are very easily formed by the reduction 
of tbeir compounds, so that they were the earliest known elements. 
Although they occur in the same group as the alkab-metals, the sole 
similarity is the existence of a series of compounds MX. in which the 
metals are univalent, Some compounds of bivalent silver are known. 
Copper forms compounds in which it is bivalent CuX^, and gold a series 
in which it is ter valent AuX^. and both these are better known than 
the univalent series. Unlike the alkali-metals, copper, silver and 
gold readily form comp/ar compounds, in which the metal may be present 
either in the positive radical, ICuiNHjl.JSO-. or in the negative 
radical, t.g. K[Ag(CN)J. 

Csppsr SUnr Gold 


Atomic number 
Electron configuration 
Density - 
Atomic volume 
Melting point • 
Boiling point • • 

Colour of vapour • 


i9 47 

8*94 1047 

712 loa 

10830* 9C0'd* 

2310* 1955* 

green blue 


79 

2*818>3218a 
195 
10'3 
1063 0* 
2610* 


Copper, silver, and gold are transithnpl tUmtnU in the wider sense (p. 370). 
Cold, with the highest atomic weight, differs from the other membem of 
the^up. and this type of anomaly occura elsewhere in the periodic table. 
CoW in many waj-s resembles platinum. Copper also slioua a much closer 
Telationship with mercury than with silver or gold, although the cuproxis 
isiu reeexnble those of silver. Cuprous and silver chlorides are both white 
Md insoluble but dissolve readily in ammonia- Although silver chloride 
w quite stable, cuprous chloride is readily oxidbed to the cupric compound. 
1 tie sulphides of copper and silver are isomorphous ; the mineral eopcer 
consisting chiefly of cuprous sulphide Cu,S. contains silver sulphide 
AgiS m varying amounU. ^ 

When copper, silver and gold functiw. *-ith higher valenciee (8 and 3) 
wectrona must be brought out from the inner group of 18, which is then loft 
M m mcompl^ete group <17 or 18). The i.rofew copper and silver ions 
contom an odd electron and the salts are coloured and paramagnetic The 

gold compounds are probably al»-a>e covalent, and it is doubtful 
u bivalent gold exists. 


SUver oxide is a much stronger base than cuprous or aurous oxides 
being comparable with cupric oxide, and the cuprous oxy-salte (carbon-’ 
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ate, nitrate and eulphate) are much less stable than the silver salts. 
Cupric and silver carbonates are easily decomposed by heat, Ag^COj at 
200^ . The cuprous salts are easily ox idised to cupric salt s, wh ilst argentic 
salts are formed only by {H>u*erful oxidising agents, and are usually 
stable only in coordination compounds, e.g. with pyridine. 

Terralent goUl shows analogies with ter valent aluminium, indium 
and thallium ; the h>*droxide Au{OH )3 is, like alutninium hydroxide, 
amphoteric and soluble in acids and in alkalis. 


Copper 


History. — Copper ores are easily re<luce<l and the metal was used in very 
early times, tl^a oUleet specimens of cast copper from Egypt and Babylonia 
dating to about 4000 B.c. It appeare<l later in the form of its alloy bronze, 
whicli contains copper and tin. Working in bronze waa practised by the 
Sumerians at Ur in 3000 b.c. and in Egypt at least m early as 3300 b.c. 

C'o]>per waa obtained by the Greeks and Homans from the island ttf 
t'yprua ; the Latin name oes e^pritsm or Cyprian copper oftemards be* 
came simply eyprium, nn<l finally cHpmm. These names were (with the 
(•reek eh(itko4) also used for brass an<l bronze. The alchemists associate) I 
the metal with the planet Venus and <leeignated it by the symbol 9. The 
|)recipitation of cop|ier from the <lrainsge* water of copper mines by iron 
WAS consulere<l to be a case of transmiJtatioii. until Van Helmont pointed 
out that the Uc|uid originally containe<l a salt of copper derived from 
copper pyrites in the mine. Hoyle (1675) explainetl the reaction as ene of 
simple displacement. 


Occuixence. Naiiit copper occurs in Sweden, (be Ural mountains, 

and in large quantities in America, near Lake Superior. It usually con- 
tains small quantities of silver, also bismuth and lead. Cuprous oxide 
Cu,0 occurs as cupriU (or red copper ore), cupric oxide CuO m 
smaller amotints aa UnoriU or melaconite. Coraiwunds of the car- 
bonate and hydroxide occurring native arc the bright -green mnlaehife 
CuCOj.CutOH),, and deep-blue azurite (or cAewy/i/c) 2 CuC 05 ,Cu(OH)„ 
which arc tised in works of art. In combination with sulphur alone 
copper occurs in small amounts as ehakoeite or copper ghnee Cu,S and 
eoiellUe or indigo copper CuS, both prt>babl.v formed by reduction of the 
sulphate by organic matter. Tlie commonest ores of copper arc copj>er 
purttee of chakopfjriU CuFeS, and bornite ierube^ite or fartegoied copper 
ore) CujFeSj, i.c. sulphides of copper and iron. Copper ^ 

the " irtt process •* from burnt cujjrous pyntos used m making sulphur 
acid (p 476). and also from drainage water from stocks of such pyrites 
Cil tics of copiicr now come from the Katanga region of the 

" "hTs:- :: riS 

mostly mal»ehilc an.l ™ 

ataatm,U CuCl,.3Cu(OH), is imporl.nt in ChJe and Peru. 
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Copper occurs in the red colouring imttor (<uracin) of the feathers of 
the p]antain*eaeor (Po?^racu«). and in the hatmocifnnin of the blood of tho 
cuttlefsh, whicli acts like liaemoglobin as an oxygen carrier but is bluo 
in arterial an<l colourless in venous bhxHl. Minute quantities of cn]>per 
occur in plants, especially in green peas. Ordinary bread contains 4 mgm. 
of Cu per kg- potatoes 2 mpn. Alt hough llie daily oonsumjition of copper 
in food is about 1 mgrn- it is said that up to 100 mgm. may be taken per 
day without danger, and higher organisms appear to have become to somo 
extent immune to copper.althcMigh traces of lead and mercury are poisonous 
to them. Copper aeems to be necessary to assist in tlie mobilisation of iroik 
in the body and in tho formation of linem^kglobin. Milk has a low copfior 
content. Lower organisms nre veo* sensitive to copper salts and traces nro 
added to drinking water in America to destroy bacilli and nigao. A solution 
of copper sulphate mixed with slaked lime is used as OortfMux tnixiure as a 
fungicide. See<l com may be stee|>ed in 0*5 per cent cop|)er sulphate 
solution to prevent tho development of " sntut 

Metallurgy of coppar.^^Katlve copper is melted with a fluK and re- 
fined. Oxides (e.g. cuprite) and carbonates (e.g. malachite) arc reduced 
by heating with carbon. Sulphide ores, e.g. copper pyrites CuFcSj. frt»m 
which a large amount of copper is obtained, are snteltcd by a somewfmt 
complicated process. Tlie separation of tlie iron and sulphur from the 
copper In the ore is difficult, since sulphur has a greater affinity for 
copper than for iron. The essential |>art of the process is to get rid of 
the iron by oxidation as ferrous silicate in the slag and leave the eop(>rr 
as cuprous sulphide. This on roasting in air is partly converted into 
cuprous oxide, which reacts with the remaining sulphide to form metallic 
copper : ^ j ^ 2CuFeS, + 40, - Cu,S + 2Pc0 + 3S0, 

(2) FeO+SiO,-FeSiO, 

(3) 2Cu,S 4>30,-2 Cu,0 +2S0| 

<4) 0u,S + 2Cu,0 -OCu * SO,. 

The ore is first roastetl in a Urge flat furnace, being raked on tho 
hearth to expose a Urge surface to the air. Part of the copper and iron 
are oxidised and arsenic U voUt ilised 
as oxide. The roasted ore is then 
heated in a reverberatory furnace 
(Fig. 361) with silica. In the furnace 
the flames are deflected from the 
roof on to tho charge on the hearth. 

A fusible ferrous silicate sUg is 
formed together with a lower layer 
of maiU or coarse metal, containing 
ferrous and cuprous sulphides. On 
repeating tlio process nearly pure cuprous sulphide, called wkitt or fine 
fncial, is obtained. 
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In tlie original “ Welsh process tlie blocks of fine metal were roosted 
in a current of air on the hearth of a reverberatory furnace, when re- 
actioris (3) and (4) occurrecL In modern practice the molten white 

metal is charged into a 



Bessemer converter and a 
blast of air sent through 
it (Fig. 362). Reactions 
(3) ami (4) occur. 

It is essential to the 
success of this |)r<H‘ess, ns 
was shown by the French 
metallurgist Manli^ in 
lg$0, that the air blast 
shall be admitiod through 
|K>rta 1 in an aimulnr pipe 
abwf the base of the con- 
vertor. (hot the me til 
formed drt)f>s below and Is 
removeil from the oxidis- 
ing action of the blast; 
in Htccl-mAking, on tl^ 
other hand, the blast is 


Fto. 30 2-— Lon er jtarl of Ws« fumscs for copper. 


sent through tho base of 
tlrt convertor. 

Attempts Imve been made to smelt sulphide ores directly in a blwfc 
furtmee, using the sulphur in U« oro to supply most of tho heat, but this 
juetlio<l is not smtablo for p<iwdere.J ore end iii Arncnca (c.g. at ^econdu 
very Iftrgo rcverbcral<iry funuK'cs with niind lioafths and hrwl by gas. oH 
of pow<lorcd cos I ire iisc<l. 

Ill eopiKT .•x(racli..n l>.v «fl prortsof*. b.irnl pyrUos are roftsled ivilh 
commem suit lo form o.iiiric rhloriilc uhicli is <lis«>lvf<i in water. Aiii 
silver and liold present are (.recipitateti as icnli.les by adding wjd.u n 

manufacture. ^ 

Copper refining. cr«<lo obtained hy smelting > 

fuSofbubbles eausod by the eac.,.e of ,iaa in reaet ion (4). «m is e j^d 

§=igss=ss 

mis:: 



xxxvilj COPPER RE KIN I NO 721 

oxidises impurities such as iron, wlikh form a slaj: with silica. The 
small amount of cuprous oxide forme<l is re mo vet I by *’ poling ”, in wliich 
a pole of green wood is thrust into the melted metal. Torrents of re* 
dudng gas (containing methane) bubble up through the metal and re* 
duee the oxide. 

Tlie blocks of copiKrr are then finally ))«rifie<l b^* an electrolytic firo* 
cess. They arc made the anodes in a bath of eopfier sulphate solution 
acidified with sulphuric aekl. The cathodes are thin slieets of pure 
copper (Fig. 303). The cop(ter dissolves from the anode as cupric ions 



Fto. 303,— Purincation of co|i])cr by eWtrolysis (disgrammscic). 


Ou” , which travel to the cathode, where they given]) their charges and 
are deposited as pure cop|>er. Iron, nickel, cobalt . arsenic and sine pass 
into solution ; gold, silver and any platinum metals (with some im* 
purities, t.g. selenium, tellurium and lead) fall as an (inode elime, which 
is co]lecCe<l for the purpose of obtaining the precious metals. Tlie 
electrolytic copper is 99'06*>99’0d per cent pure. 

A similar process (Jacobi, 1k37) is elwtrotypiac, used in reprothicing 
statues and other works of art. Tlie cop|ier may be deposited on plaster 
cants covere<l with grsplute to render them conducting, and the shell 
stripped off. In the same way, if an impression of ]>rmters' tv]>c is taken 
on plastic materiol and the latter covered with ]>owdersf| graphite, a thin 
deposit of copper may bs fomMd over the surface by electrolysis. This is 
stripped off and backed by pouring on molten ty|>e metal. Tlie plate may 
then be used for printing. 

Copper may be deposited on iron by dipping the metal in a solution of 
copper oyanuie in potassium cyanide, wlien a tlun adhtrent film of copper is 
depoeitod (a spongy de|>osit is produced from copper sulphate) ; this is 
then thickened by olcctroK*8is in a solution of copper sulphate. Iron rollers 
are in this way coveretl with copper for use in calico-printing. 

Copper is used for the driving*ban<ts of steel projectiles. The driving* 
band consists of a copper band recessed into a groove in the base of the shell 
and projecting slightly above the surface of the latter so as to be somewhat 
larger than the bore of the gun. On firing the sliell, the copper is 9<iueezed 
into t)>e spiral rifling of the gun -barrel, and the gases are prevent^ from 
escaping, a’hilst the shell acquiree a rotation a*hich serves to keep it in its 
trajectory without turning over. 
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Alloys of copper. — The alloy's of copper ^ith other metals are of 
technical importance. Brass, Dnkh MtUd, Muniz msial, and Ddta 
fMtal (copper -f zinc), and bronze, spHulam tnflal uncj btU mstal (copper 
-f tin), are made by fusing tlie cop|)cr. and adding tiie requisite amount 
of zinc or tin. Coinage mtlal contains cupper, tin atid zinc. 

s 


Brass • 

Copper. 

4 

Tin. 

Zinc. 

1 

Iron, 

Bronze (gun-metal) 

9 

] 

— 

— 

Speculum metal 

2 

1 

— 


bell metal 

4-5 

1 



Delta metal • • 

55 


41 

4 Fe etc. 

Dutch metal - 

80 


20 


Muntz metal - 

60 


40 


Old Roman coin • 

9G06 


2-71 

0*65 

Modem bronze coin 

$5 

1 

1 

— 

Phcsplior bronze - 

94‘75-82'3 

5-15 

pliosph 

orus 0*25-2*5 


Casting bronze usually contains some zinc and lead. Bronze for 
maclnncry is 80-90 copper, 5-1 H tin and 2-10 zinc. The best brass is 
4 copjicr and 1 zinc ; common bross contains 22-30 per cent of zinc, 
but metal with 35-10 per cent zinc can sliU be worked, ^dicon bronze 
is used for telegraph wires. Ph<^^phor bronze is hard, elastic, and tough ; 
delta metal can be forged and rolled as well as cast, and is used for bear- 
ings, valves, and ships’ j)ropcllcrs- J/tts/r metal is used as a sheathing 
for wooden ships. Monel metal is 7 copper -i- 3 nickcl- 


Properttes of copper.— A new surface of pure copper ap]>car8 salmon- 
pink In colour, but the colour produced by selective reflexion is a deep 
rose -red, as is seen by looking at the fold of a piece of copper foil cleaned 
with nitric acid and bent to a V-shape. The light is then reflected many 
times from the surface of the metal before entering the eye, The com- 
plementary colour green is seen in the light transmitted through thin 
leaves of the metal, and fused copper also emits a green liglit at higli 


temperatures. „ . . . l * 

Pure copper is very malleable and ductile and can be rolled into sheets, 

hammered into thin leaves, and drawn into wire. The metal may also 
be •' spun on the latlie in the production of seamless vessels. Just 
below tlic melting point copper becomes brittle, and small quantities ot 
impurities reduce the malleability of the metal. 

Pure copper powder U produced by dissolving s.nc m a shgl.tly ae d - 
fie.l solutirof'^ppcr sulphate, washing the p|ec.p..a^ eop^r J 
liot water and alcohol, and removing the small quantity of occlu.lo. 

"C;" b,.™ wi... .w. - 

sulphur. 
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In pure dry atr copper remains bright, but in ftir it rapidly tar- 
nishes, becoming covered with a very tliin adherent brown film. On 
prolonged exposure a green film of basic sulphate (sec p. 730) is fornicd. 
On heating in air the metal is readily oxidised and the product forms 
scales which are black on the outside (cupric oxide OuO), but rod on 
tlie side in contact with the metal (cuprous cxide CujO). If heated for 
a long time in air cupric oxide is formed. Wlicn heated in the oxy* 
hydrogen blowpipe the metal bums with a very brilliant green flame. 
Copper does not decompose water at the ordinary temperature, or 
steam at a red heat. 

Copper is not acted upon by dilute sulpliuric or h^'drocliloric acid in 
absence of oxygen ; hot concentrated sulpliuric acid converts it into the 
sulphate. The metal readily dissolves in dilute nitric acid (unless t Ids is 
quite free from nitrous acid) with evolution of nitric oxide ; it dissolves 
slowly. witA evofutioa 0 / hydrogen, in hot concentrated hydrochloric 
acid, and more rapidly in hot concentrated hydrobromic and hydriodie 
acids, cuproits compounds being formed. 

Copper forms two series of compounds, the caphe conaposadi CuX^ in 
which it is bivalent, and the esproai compoandi CuX in which it is 
univalent. 


CuFROvs Couroo:(i>5 

Cuprous hr4ri4« CuH is obtainetl as an unstable brownish 'yellow pro* 
cipitats by reducing a solution of copper sulphate, acidifiod with a little 
sulphuric acid, with sodium hypopliosphita at 70*: 2CuSO«'f 3HtPO| -f 
3H|0 > 2CuH + 3 H|PO,-k 2Ht304. It evolves hydrogen with eonceutrotod 
hydrochloric acid : C\iH + HCI sCud + H|. 

CaprcBs ehJorids <}uCl is formed as a brown mass when copper burns 
in a limited supply of chlorine, or liydrogen chloride is passed over heated 
copper: 

2Cu+2HCn.2ChiCI+H,- 

Copper dissolves slowly in hot concentrated hydrochloric acid : 

2Cu+2HCI-2CuCl + H,. 

It dissolves more easily in presence of oxygen, when cupric chloride id 
first formed, but is reduced to cuprous chloride by the copper : 

2Cu + 4HCI + 0, * 2Cu(nj + 2H,0- 

Cuprous chloride is most easily prepared by dissolving cuprous oxide 
in concentrated hydrochloric acid, or by reducing a solution of cupric 
chloride. 

The cupric chloride may be reduced : (o) By boiling with concentrated 
hydrochloric acid and copper turnings until the solution becomes 
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colourle&s. On pouring into water, white cuproiu chloride is precipi* 
‘***'^' CuCls+Cu=2CuCI. 

(b) By treating with zinc- dust and hydrochloric acid : 

Cua, + H«CuCl + HCI. 

(c) By passing sulphur dioxide into the solution : 

2CuCl, +S0, + 2H,0 -2CuCl + +2Ha. 

A mixture of cupric sulphate and sodium chloride may he used in the 
last case instead of cupric chloride. 

The following are convenient methods for the preparation of cuprous 
chloride : 


A . Dissolve 25 gm. of cupric oxide in 250 ml. of concentrated hydrochloric 
acid in a desk. Add 50 gm. of copper turnings ami boil in a fume^cupboard 
until the solution is colourless. Pour into a litre of previously boiled diS' 
tilled water, filtor of! the cuprous cliloride in a Buchner funnel, and wash 
rapidly in succession with a dilute solution of sulphurous acid, alcohol, and 
ether. Dry on a porous plate in a vacuum deeiccator over sulphuric acid. 

B. Pass sulphur dioxide into a solution of 25 gm. of cr>‘8tallisod copper 
sulphote and 12 gm. of common salt in 70 ml. of water till the liquid, even 
on standing, smells strongly of the gas. Cuprous chloride slowly cr)stallisee 
out and a further quantity separatee after filing ; it is filtered end trotted 
os in A. 


Cuprous chloride is a white powder which crystallises from concen* 
trated hydrochloric acid in white tctralicdra. It melts at 422®, forming 
a brown resinous mass on cooling ; the boiling point is 1360® and the 
vapour density corresponds with Cu^Ct] If exposed to ligljt when 
moist it becomes dark -coloured (c/. ApTl), and in moist air it forms 
green basic cupne chloride CuClj,Cu(0H)j,H,O. 

Cuprous cliloride is insoluble in water but dissolves in cciiuntnM 
hydrochloric acid to form a solution which is colourless when every 
trace of oxygen is exclude.!, e.j. by keeping in a closed bottle over 
bright copper turnings. Tiic solution in hydrocliloric acid probably 
contains the complex acid H.CuCl, or the ion CoQ,'’ (containing 1- 
valent copper) ; it raj.idly becomes green or j-eUow on exposure to air 
owing to oxidation and formation of cupric chloride : 


4CuCT + 4HCI + 0, = 4Chia, + 2H,0. 

The solution in hydrochlorie aeid U used in ‘‘i; 

absorption of carbon monoxide, when a compound C'-Cl.CO.^H.O is 
formed. Cuprous chloride dissolves readdy in ammonia, 

Llourless solution of Cu(NH,)Cl,H,Oif.lltracesof^-gena^^ 

83 by standing over bright copper turnings in a elosed ^ 

“tys compound arc obUinod by boiling copper powder with asolution 
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of ammonium chloride, and cooling. The solution of cuprous chloride 
in ammonia becomes deep blue when exposed to air, Cu(NH5)4Cl2 (con- 
taining 2-Talent copper) being formed. The ammoniacal solution of 
cuprous chloride is used in gas analysis to absorb carbon monoxide and 
acetylene ; with acetylene it forms a bright red precipitate of euprous 
•cetpud« CujCj. This is explosive when dry ; when warmed with con- 
centrated hydrochloric acid it evolves acetylene : 

CujC, + 2HCi «2Cua + CjHj. 

Dry cuprous chloride absorbs ammonia gas to form compounds of 
CuCl witli 3, U, and INH,. 

Cuprous chloride is soluble in sodium thiosulphate solution, and 
slightly soluble In potassium hydroxide solution. 

Cuptoaa bromide CuBr U formed with incandescence as a brown solid 
when bromine acts upon heated copper, but is most conveniently pre- 
pared ai a white precipitate by passing sulphur dioxide into a solution 
of 20 gm. of copper sulphate crystals and S gm. of sodium bromide in 
300 ml. of water : 


2CUSO4 -i-SO, +2H,0 + 2NBBr 2CuBr + 2H,S04 +Na,S04. 

Cnproni iodids Cul is formed by heating copper in iodine vapour and 
is precipitated as a very insoluble winte powder on additon of potassium 
iodide to a solution of cupric sulphate. Cupric iodide heat produced as 
a green precipitate is unsUble and decomposes into cuprous iodide and 
free iodine; 2CuSO. +4KI -2CuI +2K,S04 +1,. 


If sulphur dioxide or ferrous sulphate is previously added, the iodine is 
reduced and forms cuprous iodide : 

2 C?uS 04 + SOj + 2H,0 + 21a - 2CuI -h 2H,S04 + KjSO* 

2 C?uS 04 + 2 FeS 04 +2Klm 2CuI + Fc 4 (S 04 )j + K^SO*. 

Dissolve 10 gm. of blue vitriol ond 12-5 gm. of green vitriol in 250 ml. of 
woter end add 7 0 gm. of KI in 75 ml. of water. Filter, wash, and dry the 
7*5 gm. of Cul produced. 


The formation of iodine in the first reaction is applied in the volu- 
metric determination of copper. 


Excess of potassium lodtdo solution is added, and not more than 3 ml 
of^oncentratod HCl or H,SO, or (best) 25 ml. of 50 per cont acetic acid fo^ 
100 ml. of solution. Starch Is added when the ^‘ellow colour of the iodino is 
newly discharged by tliiosulphato and titration is continued til) the colour 
js discharge . " After blueing '* moy occur on standing but is prevented 
A ® titration. The solution should contoin 

eiwut 01 gm. of copper in the volume titrated and 5 timee as much KI aa 
copper is added. 


(^prous iodide becomes red and then black on heating, but becomes 
white on cooling. It is sparingly soluble in alkaU iodide solution but 
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readily ^luble in ammonia and in solutions of potassium cyanide and 
sodium thiosulphate. 


Cuprous onde ('UjO i.s a ml solid formed by strongly heating cupric 
oxide with co])per filings, or by (he partial reduction of cupric com- 
pounds in the presence of alkalis, e.g. by boiling a solution containing 
cupric sulphate, sodium carbonate and sodium sulphite : 


2CUSO4 + 2Na,CX), + Na^Oj « Cu,0 + 3Ka,SO, + 2CO„ 

or by boiling a solution (Fehllng’s solution) containing cupric sulphate, 
liochelle salt and sodium hydroxide, with grape sugar. 


Dissolve 6*9 gm. of pure copper sulphate crystals in 100 ml. of water. 
nt\i liiig I cl rop of sti Iphuric acid . Cal I th is Sotulicn A . Dissolve in 1 00 ml . of 
u’ater 36 gm. of Rochelle salt (sodium {mtaseium tartrate, NaKC^H^Oi.dHiO) 
en<l 10 gm. of sodium hydroxide. C'all this Soluti^ B. Mix together 
23 ml. of A end 25 ml. of : tl»e rcMulting cleep*blue liquid is called 
Fehbng's soltttioo. UoiJ this in a porcelain <hsh with a solution of glucose 
(grajie sugar). A yellow precipitate is <iepoeited, which quickly turns to 
brigiu<red cuprous oxide (\i|0. Kilter, wash with boiling water and 
alcohol. an<l dry in a steam oven. 


Cuprous oxide gives a red colour to the borax bead. \N'hen fused with 
glass it forms the cheaper kind of rv6y piose. With dilute sulphuric acid 
it gives a solution of cupric sulphate and metaUic copper separates : 


Cu,0 + - Cu + CUSO4 + H,0. 

Dilute nitric acid in the cold reacts with cuprous oxide to form a 
solution of cupric nitrate and copper : 

Cu,0 + 2HN0,-Cu{NO5),+Cu +H,0. 

With more concentrated nitric acid, or with dilute acid OD heating, 
cuprous oxide dissolves with evolution of nitric oxide: 


3Cu,0 + UHNOa - 6 Cu(NO ,)2 + 2K0 + 7H,0. 

Concentrated hj'drochloric acid dissolvo.s ciijirous oxide with forma- 
tion of a colourless solution of cuprous chloride CuQ or a complex acid 
H CuCl Cuprous oxide dissolves in cojicent rated ammonia to form 
ft colourless solution if oxygen is excluclcl, oti.erwise a blue solution 
containing a cupric compound is fornu-d. 

Cuprous cy»«i4e CuCN is ll.e only stable cyanide of copper. When 
potassium cyanide solution is added to a solution of ^“1*"“ 
the veUow cupric evanide Brat precipitated rapidly decomposes u.tli 
evolution of cyanogen gas and white cuprous cyanide is formed . 

CuSO, + 2KCN = Cu(CN ), + K,S0, 
2Cu(CN),-2CuCX +C,N,. 

This dissolves in a solution of potas-sium cyanide, forming a colourless 
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solution of poUuium cuproeysaida KsCulCN)^, wliich is a salt of a 
conplax anion contain injj univalent cop|>cr : 

KjOutrN)^ « 3K* +Cii(CNV'* 

Only traces of copper ions arc formal from tlsc further ionisation : 

Cu(CN)4'*'?^Cu’+4CN', 

and the solution is not precipitated by hydrogen sulphide, since the 
concentration of copper ions is not suffieient to CKeocd the solubility 
product of the very sparingly soluble cuprous sulphide. 

If cadmium is present, a complex cadmicyanido (p. 31«)) is formed, but 
t])e ion CdlCN)^'' b suilicicntly ionised to give enough cadmium ions to 
sxcQod the solubility product of cadmium sulphido : 

Cd(CNh''e»Cd** + 4CN'. 

Potassium thiocyanate gives with a solution of cupric sulphate to which 
sulphur dioxide or ferrous sulphate has been a4l<le<l a white precipitate of 
eaptous thiocyanate CuCNS insoluble in hydrochloric acid : 

2Cu$0« -kSO, + 2H,0 + 2KCNS » 2CuCNS + SHiSO, + KjSO^ 
2CuSO< + 2FeSO, + 2KCXS « 2CuCNS + Fe.tSO,), + KiSO,. 

Cuprous iviphidt CujS. the Stable sulphide of copper (p. 731), is formed 
as a blue 'black brittle mass when snijdiurand copper turnings are heated 
in a small flask, the copficr burning in the sulphur vapour. The furt 
compound is obtained only when the reaction is carried out in a vacuum 
at a high temperature. Cuprous sulphide is formed by heating cupric 
sulphide in a current of hydrogen or carbon dioxide, and it is precipi* 
tated by hydrogen sulphide from a solution of cuprous chloride in 
hydrochloric acid : 2CuCl + H^.Cu^+2HCI. 

Cuprous sulphide is only slow ly decomposed by chlorine at a rod heat 
and is scarcely attacked by fused sodium carbonate. When fused with 
alkali sulphides it forms steebblue insoluble ihiocapriisi. e.p. KCuS and 
NajCu4Sj. 

Cuprous sulphite b present in the red erystslline CAevreuTs soif 

Cu"[(CulS0,>,I.2H,0. 

precipitated by paaeing sulphur dioxide into a solution of cupric acetate in 
acetic acid, and boiling. 

Cuprous sulphate CiitSO^ b formed to some extent when cupric sulphate 
solution stands in contact with copper : 

Cu*+Cu«*2Cu\ 

^is b the cause of the inaccuracy of the ordinary copper coulometer. 
The pure salt b obtained as a white powder by Iwating cuprous oxide with 
dimethyl sulphate, washing with ether and drying in vacuo i 

Cu,0 + (CH,),SO,* CUjSO, + (CH,),0. 
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It id at one© decomposetJ l>y watpr. with cioposition of copper ; CujSO,*? 
CuSO| + Cu. lU com|Kiun(l with ammonia Cu,N0,,4KHj,H,0 lb more 
stable. 


Cupric Compounds 


Cepric cbloridB CuCI. is obtained anhydrous as a dark*brown mass by 
burning copper in excess of chlorine or by heating the hydrate 
Cudj.^HjO in hytlrogen chloride gas at 150*. It is formed as a yellow 
powder by adding concentrated sulphuric acid slowly to a concentrated 
solution of cupric chloride. When strongly heated it loses chlorine and 
leaves cuprous chloride. A crystalline fiy (Irate CuCt«,2HtO is formed 
in emerald 'green crystals by dissolving cupric oxide in concentrated 
hydrochloric acid and eva|)orating. When free from moisture the 
crystals are blue. 

In concentrated solutions cu|>r(c chloride \*el I owi shagreen and on 
adding concentrated hydrochloric acid the colour becomes yellow. 
This may be due to the reversal of the ionisation : CuClg ^Cu * ^2Cr» 
the colour of the undissociated salt being yellow, or pcrha|>s a complex 
acid HjCuCI^ is formed. A very dilute solution shows the pure blue 
colour of the hydrated cupric ion ; the green solutions (irobably contain 
a mixture of the blue ion and the yellow unionised form or complex 
acid. Cupric chloride is very deliquescent and is also soluble in alcohol. 
The alcoholic solution bums with a fine green Hamc. 

On cooling a concentrated solution of cujiric ch'oridc which has been 
saturated with hydrogen chloride, dark red needles ofone of the complex 
acids HCuCl5,3H,0, H,CuCl4»5H,0, and H,CuClj are formed, salts of 
which are known. The compound Cu(NH,)4Cl,,2HjO crystallises on 
cooling a hot solution of cupric chloride saturated with ammonia gas. 
Compounds of dry CuCl, with b, 4. V. and 2NHj are knou ri. 

Basie cupric eblotldc CuClt,3Cu(OH), is formed an a j>alc-blue pre- 
cipitate wlxcn potassium hydroxide is achied to excesw of cupric chloride 
solution. It occurs in Atacama, Peru, Bolivia, etc., in tfic form of a 
crystalline green sand calledflto«mde. and i.s being formed by the action 
of sea water on cop|>er pyrites on the south coast of Chile and in 
Adelaide, Australia. The basic chloride U prepared for use aa a fiigmcnt 
called BruMwick grten by boiling cop|)cr sulpfiatc solution with a small 
quantity of bleaching powder. 


Cupric fluoride CuF, is a whit© powder fortne^l by the ^tion of 
on copi>or powder, or by iLcalini: tlio blue ‘‘y.lrnte (from 

solution of CiiO in JiydroHuork ac id) in n cuircnt of HI below 500 , 

(^ipric bromide CuBr, U formal in black crytUxU by “ 

solutL of tUo oxide in h.v.lr.>l>r.^mic and in a vacuum 
over nmckliino. In solution, it shows llic sftino colour cliHiigr© as t 
^iXrir The green cr>©ULl hydrate ruBr.H,0 is not easily ubtamci. 
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Th6 crystdliine complex actd HCuBrv2H,0 and correaponding aalu ere 
known. 

Coprie iodidft Cul| is luistable am) quickly decomposes into cuprous iodide 
and todinOi but in combination with ammonia and ethylenodiamine it is 
stable in the form of tlie compounds C’u],.4NH, andCu(en,)I„ 1 or 2H,0. 
Cupric nitrite, cyanide and sulphite behave similarly. The black cupric 
thiocysjiAte Cu(CNS)ii can be prepared os a solid. 


Caprie orids or black oxldt of copper CuO is formed by prolonged 
heating of the metal (e.g. pieces of wire or turnings) in air or oxygen, or 
by heating cupric nitrate: 2Cu(NO,)j »2CuO +4N0t + 08- A purer 
oxide is formed by lieating the basic carbonate. Cupric oxide is a 
black solid which is stable up to about 800^ but at higher temperatures 
it eTolves oxygen and forms some cuprous oxide Cu^O. Hot cupric 
oxide is readily reduced to metal by hydrogen, carbon or organic sub- 
stances. The oxide dissolves in a borax bead, colouring it blue. If a 
little tin oxide or stannous chloride is added, the cupric oxide is reduced 
to cuprous oxide which forms an opaque red bead. Cupric oxide is 
used to give blue and green colours to glass. 

When cupric oxide is dissolved in dilute acids, blue solutions of 
cupric salts are formed, : 


CuO -CuS 04 +H, 0 . 


Concentrated hydrochloric acid gives a yellow solution of cupric chloride 
CuCl,. 

On adding a solution of potassium or sodium h>*droxide to a solution 
of a cupric salt, a pale -blue gelatinous precipitate of esprie hjdronde 
is formed, insoluble in excess of alkali but soluble in ammonia. With 
excess of cupric salt, the precipitate (as stated by BerthoUet) is a basic 
salt CuS 04 . 3 Cu( 0 H)„ or CuCla.3Cu(OH), or Cu(NO,),.3Cu(OH)|. If a 
little of copper salt solution is added to an excess of concentrated 
alkali , a deep • blue colloidal solution is formed . A crystalbne hy drox ide , 
Cu( 0 H) 4 . obtained by adding ammonia to a boiling solution of copper 
sulphate till the green precipitate becomes blue, wishing, and warming 
with fairly concentrated sodium hydroxide solution. 

If the pale* blue precipitated Itydroxide is boiled with water it forms 
a black solid usually formulated as 4Cu0,H,0 which is granular and 
oaeily filtered. On heating to dull redness this forms CuO. 


Cupric hydroxide readily dissolves in ammonia, iorming a deep-blue 
solution known as Schveiur'e reagent. This dissolves cellulose (dlter paper, 
cotton wool), and if the solution is squirted into dilute acid a tliread of 
amorphous cellulose is fonnetl which is one variety of artiUcial silk. The 
solution may also be applied to can\*a8 to form a water*tigbt coating of 
amorphous cellulose {WiUeaden oenros). The blue ammoniacal solution 
contains Oj(OM),{NH,), and Cu<OH)«(NK,) 4 . 
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A red copper $e$quoBd« CuyO^. probftbly containing tervalent copper, 
is formed by the action of potassium persut]>hate on a susi>en3ion of cupric 
hydroxide in baryta water» or by electrolytic oxhlation of copper In very 
concentrated sixlium h>*droxide, and it appeara to form percuprates. r.p. 
BaCii^O,. Hydrogen peroxitle converts cupric hydroxide, or a solution of 
cupric hydroxUie in potassium hydroxide, or sodiiun cupric carbonatoi into 
yollou'ish'broNMi hydrate<i copper peroxide, possibly (HOK'u— 0— O— Cu{0Hh 
which forms hy<lrogen peroxide with acUls. 


Only &( 2 stc capric earboostn are knoum ; the most icn port ant are the 
minerals chestyUu (or a;nrj7e) 2CuC0,,Cu(0H)| (deep blue) and 
malachite CuCOs.Cu^OH), (bright green). On heating, basic copper 
carbonates lose water and carbon dioxide and leave black cupric oxide. 

Tfie green patina formed on cop|>erex{>asedto air, usually described as 
the basic carbonate, is nearly always the basic sulphate CuSO|,3Cu(OH]2, 
wliich occurs as the mineral brochantite. although occasionally the basic 
carbonate is present. In places near the sea or uherc salt spray is 
carried by the wind the basic chlorwle CuCI..3Cu{OH), {atacamite) is 
formed. The definite comiwimds are formed only after a prolonged 
exposure of about 70 years. 

The pale blue precipitate formed on adding sodium carbonate solution 
to copper sulphate solution has the composition of asuritc. 


The X*ray spectra show that tlie stnicturcs of nr.urite and malachite sre 
CUj 10H),(C0,)» and Cu,(OH),C*0,. Ulue crs-slals of sediutt cupric csrboiute 
Na,Cu(C 03 ) 3 , 3 H ,0 are formal by warming tlie precij)itrtle<l basic carbonate 
with a solution of soilium corixawito an<l bicarbonofo. Cupric carbonate 
forms stable coordination compoiuvls with ammonia and ethylcne<Unmine, 
Cu(NH,),CO, and Cu(en,K‘0„2H,0. ^ 

A mixture of basic farb«matee calle<l renlifer is precipitated by a solution 
of sodi urn carbonate from a soJ ul ion of a cu pric salt . Aiurite <1 issol vas ui a 
hot solution of sodium bicarbonate an<l on boiling the solution deposits a 

irreon powder of malachite. . 

Cupnc actut. Co(C',H,0,)..2H,0 f.«™ <lark-Rn«n erj-*'"!* i 
actut* CM(C.’.H,0,)..C..(OH). i» «l>9 bri^l.t-iirocn i.icmpnt vcrd>gr^ n.iuio 
by allo«in« plat** ot copper t.. stan.l wilh altornntc layort af 
(Jrapo skins after (wessing tlw juice fnan tl<s gm[M?» ■» » inc 

tlie slieets on en.i an.l moistening will, sour ume, which forms 

acetic acid CHjCOOH ; 

2Cu + 2CH,COOH + 0, = Cu<C,H,Od„Cu<OH),. 

Cupric aitrst. i* prepared by .lisstilvinp the ^ 

carbonate in dilute nitric arkl. and on evaporation forms Hue cli 

iL water and nitric add. f..rm.np a l«*ie salt 

wl.icl. is also precipitated from solul.on by ammonia. Cupnc ...tm 

decomposes oil heating : 

2Cu(N0j), *“2CuO +4NOj + 0,. 
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It has powerful oxidialng properties r if a few crystals arc moistened and 
wrapped in tinfoil, sparks arc emitted. The anh.\*drou8 salt is obtained 
as a white powder by the action of a solution of nitrogen pentoxido in 
fuming nitric acid on the er^'stalline hydrate. 

Cuprk nitrite is knou*n only in complex and coordination compounds such 
as K,Cu(NO,)» and CutNH,>,(N0,),.2H,0. 

Caprie saipbida CuS is a black solid formed by heating copper pou'<lcr 
with excess of flowers of sulphur at a temperature below 440*. by the 
action of a solution of sulphur in carbon disulphide on copper powder, 
or by precipitating an acid solution of a cupric aalt witli hydrogen 
sulphide. (The precipitate usually contains cuprous sulphide and sul- 
phur.) In the moist state it is rapidly oxidised by air, forming a bluo 
solution of the sulphate. It is slightly soluble in yellow ammonium 
sulphide and the hot solution on cooling dejicsits cr3*5tals of (NH^lCuSi ; 
similar compounda are formed with other alkali metals, and they may 
contain cuprous copper, i.e. arc salts of HCu'S^, deriTed from H,S|. 
Cupric sulphide is less stable than cuprous sulphide and loses sulphur 
when gently heated alone or in hydrogen : 

2Cu8 bCu^ -i-S. 

Cgprio mpbsts CuSO^, generally known simply as copper $ittphate, 
the commonest cupric salt, crystallises from water in Urge blue tri. 
clinic crystals CuSO*. 5H,0 called Wu< aifrW or bfufstone. It is obtained 
by dissolring cupric oxide or basic carbonate in dilute sulphuric acid and 
crystallising. Anhydrous cupric sulphate is formed in the preparation 
of sulphur dioxide by heating copper with concentrated sulphuric acid : 

Cu + 2 H^<-CuS 04 +2H,0 +SOj. 

Crystallised copper sulphate is obtained from the cold residue by dis- 
soleing in water , fil tering and eraporating, Some black copper sul ph ide 
is also formed. 

Acwrding to C^dall (I9U) the reaction first forms cuprous sulphate 
; if the acid liquid is cooled, filtered through asbestoa, and poured 
into water, a red precipitate of copper is formed : 

Cu^O,aCuSO< + Cu. 

cuprous ^phide Cu,S deposiU as a black powder in the earlier stages 
of the reaction, bur »s affervan/a decomposed and the final oroduct is 

almost entirely CuSO* : 

1. 8Cu + 4H,S0*«3Cu,S0, + Cu,S + 4H,0. 

2. 2Cu + 2H,SO* = Cu,SO, + 2H,0 + SO,. 

3. 6Cu,SO* + 4H,SO,s^Cu,S + 8C\iSO« + 4H,0. 

4. Cu,S + 2H,S0,»CuS + CuS0* + 2H,0 + S0.. 

6. CuS + 4H,SO« CuSt>* + 4SO, + 4H,0. 
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Equations (I) and {3) gi\‘e Pickering's equation : 

5Cu + 4H,S04» Cu:S + 3CUSO4 + 4B:,0. 

Copper sulphate is prepared on the large scale by the action of dilute 
sulphuric acid on copper in the presence of air : 

2Cu +0, »2 CuS 04 +2H,0, 

or by the “ weathering *’ of copper pyrites, which may first be roasted : 

CUS+2O2-CUSO4. 

Commercial cupric sulphate usually contains ferrous sulphate, with one 
hydrated form of which FoS04,5H|0 it is isomorplious and forms mixed 
crystals. If the solution contains a considerable amount of copper, the 
crystals consist of (Cu.Fe)S04.5H,0 ; if the iron predominates they have 
the composition (Pe.Cu)S04.7H,0. Similar results are obtained with tine 
sulphate. The iron may be sc|iorated by boiling tho copper sulphate solu* 
tion with a little nitric acid, which oxidises ferrous to forrlc sulphate, this 
remaining in the mother liquor 00 cr>*sUllU»tion. 

The solubilities of CUSO4.5H2O in g. CUSO4/IOO g. H^O are : 

0® 15® 25® 30® 50® 60® 80® 100® lOt® 

UO 19-3 22-3 25-5 336 390 53-5 73*5 780 


The salt CuS04,5H)0 is insoluble in alcohol and is precipitated in 
small crystals wlien alcohol is added to the solutior). Several crystalline 
hydrates a re k no wn . On ex poaure to a ir t he blue pc nta hydrate crystals 
effloresce to a pale blue powder of CuSO|,3H)0, wliicli is best made by 
exposing tlie pontah.wl rate over PjO* in a desiccator at 25®“30® for about 
eleven days till the weight corresponds with tri hydrate. The penta* 
hydrate crystals at 100® crumble to a bluisfi-wfiite powder of mono* 
hydrate CuS04,HjO. At 220®-2fi0® this loses m<»8t of the combined 
water, but 0*04 |>cr cent is retained even at and the salt begins to 
lose sulphur Irioxide at higher tempera 1 11 res lieforo all the water is 
c X pclle<l . A n hyd rous CUSO4 U a w h i to }K) \v< I vr 1 >cst pre pared by h cat i ng 
powdered pun CuS04,5H,0 (made from electrolytic copper) in a UAubc 
at 240® in a current of dry air until the weight corresponds with CUSO4. 
If the material contains a trace of iron flic piwiuet is dL^colourcd. 

Copper sulphate is stable to 653® but decomjxws completely at 730® : 
CuSOi-CuO + SOj. The white \iftwkr obtained by dehydration at 
260® is used to detect water in alcohol, ether, etc., when it become blue, 
Anliydrous or hydrated copper sulphate alworks hydrogen chloride gas 
aiul is decompa<cd by it at 400® or by the aqueous acM : CuSO^ + 
2HCl = CiiCl2 + HjS04. This reiirtiori may l»o ajjplied in separating 
hydrocfilorle ac'i«l from other gas4's. siieli as siiljifiur dioxide. 

ConiKT sulpliutr is used in making gn-.ni pigments, ns a mor<lant »n 
Jyeijig, und in making /hn/ranx mirtftrr (a mixture* of the solution and 
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milk of lime} as a wash to kill moulds and fungi on vines. The aulpliato 
solution b also used In steeping wheat to prevent the growth of fungus. 


If a solution of cupric sulphote is precipitated with ammonia and tlio 
precipitate dissolved in excess of ammonia, a dcop*blue solution la formod. 
If a layer of otcohol is poured carefully over thb solution in a cylindor, the 
latter corked to prevent evaporation, and the whole allowed to stan<l, long 
transparent deep*blue rhombic prUms of Cu(NH))4S04,H,0 aro deposited. 
Cupric chloride forms Cu(NH9hC]t,3H|0, which cry*stallisos on cooling a 
hot solution of cupric chloride saturated w*ith ammonia gns. Anhy<irous 
cupric sulphat e absorbs ammonia gas, forming a blue po w*dc r of CuSOt.ON H „ 
which dissociates to form Cu804,4NH9 and CUSO4.2NH4. Anhydrous 
cupric chloride absorbs ammonia gas forming CuCla,CNH) which readily 
dissociates on heating, fonning CuC]|.4NH4, 3CuClt,ION'H3, and CuCI|, 
2NH,. The latter on heating decomposes as follows r 

6(CuCI,.2NH,)* OCua + ONH4CI + 4NH, + N,. 


The atonic weight of copper proved difficult to find exactly. Richards 
determined the ratios CuBr^ : 2AgBr. and Cu : CuSOi.dH^O (which gave 
a poor result), etc., and also compared the weights of copper and silver 
deposited by electrolysis. Tlie valency follows from the atomic heat. 


Sa.YSB 

History. — Silver waa known In Predynaatlc Egypt (e. 4000 s.c.) but was 
very rare. A fine Chaldean silver vaae of 2850 b.c. is In tlie Louvre. The 
oldest silver probably came from North Syria and Asia Minor, wdiich were 
centres of Hittite civilisation. Silver minos in Spain w ere worked at an early 
date. 

Occuitence. — Silver occurs native, occasionally nearly pure but 
usually containing copper and gold. Important ores are the sulphide 
orgenfite (or ailvtr pionee) Ag^S (the commonest ore), chlorxtrgifriU (or 
^m-si/ver) AgCl, pyrargyrita (or rv5y-ai7fer) AgaSbSj, airomeyerUe (or 
sdw r.coppt r glanca) (Cu , Ag)^, and aUpha n Ua Ag^$bS 4 . Less 1 mportan t 
are proustiie Ag^AsS,, bromargyrita AgBr, and iodargyriu Agl. Traces 
of sQver occur in sea water. Most copper and lead ores contain small 
amounts of silver, which is extracted in copper refining (p. 721) and 
from argentiferous lead ; silver is extracted from the ores of the Ontario 
cobalt mines, and In North America, Mexico, Peru, Bolivia, Broken 
Hill (N.S. Wales), and Japan. 

Metallurgy, — Silver is extracted from its ores by several processes. 

^ L Tbs cupsUotion proeoss. the oldest, is mentioned in the Bible and 
a desenhed by Strabo and by Pliny as in use in Spam. Lead from 
gwena is nearly always argentiferous and forms an important source of 
process is also used with alloys formed by smelting lead 
and ^Iver ores together. The argentiferous lead is first “ desilvered ” 
by tbe Pattinson or Parkes process (see below) and the lead •silver alloy 
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rich in silver U (hen meltc<i on a flat (li:sh or cnpel formed of bone<ash. 
A blast of air is driven over (lie surface of tlic molten metal (Fi". 3(4) 
wlien the lead is oxi<lised to lea<l monoxide or litharge PbO, wliich 
fuses and is s>ve|)t off by the air blast. Tlie last ]>ortions of litharge are 
absorbed by the tK>rou$ cutici and a bright mass of silver is left. 



Frv. 301.— Cupclbl lull tiimn«'f». 


When tiieinetul ennlftins CO-70 percent ilir ieiii]>eralure jflrHise<laiul 
a 1 i 1 1 lo .nxl i urn ni t mte tu U 1 1<» pen u> vr I in \» i pi i h»». I n the la^t si >i| 2 e nf l he 
proceM the litharge him becomoe so ihin that ipidis< ent enl<«*T^ np^* • 

the bright silver surface then ” out (nn H|i|>eafeiice snineiimre 

called by the (Jcnniui nunio '* blick *‘) ami ilie inetiil contains 99-5 jicrcent 
of silver. 


n The Pattujjoa preces# (1833), On C'onlmc fused nrpontiforous Irfid 
noariv iiurc load sej«iratc.s. The ery>tnls are retiM)V<*<l by iierf.^rntijl 
iron iadlc.s un<l the remaining U<|uid alloy iNTomes richer in wlvef, d 
the process were carried far enough, lead and silver would begin to 
serwratc out together at the eutectic iniinl {'>•:> |kt (xmt Ag). m 
practice seven-eight hs of the lead are n'riinv<il. The proc. ss is earnest 
out in n rn« of tpn iron |->ts. llio k.«.l sP|«fnt,-<l Ik'u.u I’"'-*'" 

™t to pot to be rcmelteU, and llic liquid alloy l>n«si-d in die other 
direction The silver graduallv acciimiiiatcs in the alloy at one cud of the 
series, and desilvered k-a<l at tticllKT, -I'lie ricli alloy is tlifn ruix'lkd. 

In tlie mixlifirati-m kno«i « Ibo Luc-Rozan pfoce« only tao f-"* 

ia in .be latter by bl—uu --tear,, a. r.„ 11 . |,re«..^ .beeuu ■ 

,tm fuHe.1 ti.el..l, ivliilst rold anler i» s|.r-.xcl oi. the a.irlii.e- W hen I 
t ,ir.L of the lend have «.par»le.| .lie l..|.ii<l w slm.ne.1 oti thn.inih n 
r 1 -J'lie *ei»ir«le.l lend i» re.iM.'Ue.l .iikI Ihe reiH-nle.! m il 

;;;C.SHk;nif a."w Ik- i«.d -ry^-alH M 

‘Li.'ly siiinll- In lliK [■n--'-" ""V and n.ilimnr.y are reriir,, 

the teiwl. 
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III. The Ptfkes process (1850). Mo] (on lead dis^lves only about 
1 per cent of 2 inc and molten zinc only I per cent of lead. Silver, how- 
ever, is soluble in zinc. One or two ]>cr cent of zinc is added to fuscxl 
argentiferous lead at a temiierature above tlic melting point of zinc, 
when the molten alloy of zinc an<l silver floats to the surface an<l solitli- 
ties on cooling. A second lot of zinc Is then ad ded . Th e cru st is sk im med 
off with a jserforated ladle and -strongly heated with carbon in a fire-clay 
retort. 2inc distils leaving silver vbich is cu|)ellcd. A continuous 
process is also used. The Parkos is 5U|icrscding the Pattinson process. 


The zinc alloy may also l>e elertml,\'ae4l (as anode] in zinc chloride solu- 
tion : zinc is da(>osi(ed on (he cathode and silver as left. To remove traces 
of zinc dissolveii in tho lead, the latter is heated (o re<iness and a bloat of 
steam forced throiagli it. when zinc oxide rises to the surface. Zinc is now 
often removd<l as chloride by treatment with chlorine. 

Any gold an<l co|>|>cr present in (he lea<l are also removed by tho zinc. 
The tieeilvered Icinl contains only O OOOt |>cr ceitt of sil\*er, whilst that 
abtaine<t by the Pattiason pruc^ess e^mtairis 0 001 *0 002 {>er cent. If 
bismuth is present (which may bo objectionable and is diflicnlt to remove 
from the lead), it goes to the orgeniifcrons imrt in the Pattinson process, 
but remains in tho lead in tlu) Parkes process. 


IV. Aaislfsfflstiw process. The amalgamation process baa been used 
since 1557 in Mexico, where fuel U scarce, but is being replaced by 
the cyanide process (sec below). 

' The ores containing metalUe silver, silver chloride and sulphitle and a 
large quantity of rock are finely crushed in stnnt]>ing mills worke<l by 
mu Isa, and the fine mud mixed with a little salt Is then well tro<ldcn by 
mules on a paved floor or jtattQ. Mcrcur>* is added together with a little 
routed pyrites, containing cupric and ferric sulphates, and the treading 
is continued for fifteen to forty-live <lays. Cop|>cr chlorj<lee ore probably 
first produee<l from the roastctl ]>yrites an<l sail, and these decompose 
the silver sulphide with funnatitat of siK'er chloride : 


20ia, + Ag^ 2Ag(n + 2CuCI + S 
2Curi -f Ag,S S Cu,s + 2Aga. 

Tho silver chloride titen dissolves in the salt brine and is reduced by tho 
finely divided mercury : 


SAgCI 3Hg = 2Ag + HgtCU. 

The silver amalgamates with the excess of merctuy. About 1 per cent of 
sodium in the mercurj* prc%*enla tl»e formation of a fine pon-der. which would 
be lost in washing. TTie amalgam is separated by wuhing, the excess of 
mercury is pressed out in canvas bags, and tite residue is distilled in iron 
mtorte to recover the mercury. 

V, Wet processss (Percy and Patera. Augustin. Zicrvogel, etc.). The 
ore is roasted either alone, when soluble silver sulphate is formed 
w can be lixiviated, and preeipitated with copper, or with salt when 
silver chloride is produced which is extracted with hot common salt 
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solution or a solution of sodium thiosulphate, and the silver precipi* 
tated as silver sulphide by sodium sulphide. 


In the modem ej^aaidepfocesthe unroasted ore or concentrate, finely 
ground in ball mills, is leached with a dilute (0'4 per cent) solution of 
sodium cyanide, the slime being well agitated by a stream of air. 
Soluble sodium iug«ntoe;uu(U NaAg(CN )2 ia formed : 

4Ag + 8NaCN +2H,0 + 0, -4NaAg{CN), + 4NaOH 

AgtS >i'4NaCiN 2NaAg(CN)2 -i-Na^. 

The sodium sulphide ia oxidised to sulphate by aeration : 


4NajS +2HjO +50,-2Ka^04+4Na0H +28. 

Tlie silver is precipitated from the solution by 2 inc : 

2NaAg(CN), + Zn - 2Ag + NajZnfCN)*- 

Silver is now largely obtained from native silver in Mexico, the U.S.A. 
and Canada. Some comes from gold and copper refining, and from ores 
of other metals (copper, tine, and lead). 

Silver is rejined by cupollation, or It if contains gold by the Moebm 
process by electrolysis in silver nitrate solution with about I per cent of 
free nitric acid ; the cathode U a plate of pure silver and the anode a 
block of the silver to be refined. Silver is deposited, copper dissolves, 
and the gold present in the anode deposits as a slime which is collected 
in a canvas b^g. 

Pure silver.— In order to obtain pure silver, the commercial alloy with 
copper is dissolved in dilute nitric scid, when copper and silver nitrates 
are formed. The solution is evaporated and diluted with water. 
Hydrochloric acid is sdded to precipitate silver chloride, which is 
filtered and washed with hot water till free from acid. Silver chlondo 
is also formed by adding hydrochloric acid to laboratory ‘‘silver 
residues Silver can be obtained from the chloride in several ways. 

ia) The dry silver chloride is fused in a cruciWe with sodium carbonate, 
when a button of pure silver is formed : 

4AgCl -f 2Na,C0,» 4Ag + 4NaCl + 2('0, + O,. 

A crucible furnace shouhl be used, as sih-er has rather a high melting point 


^61 The moist silver chloride is boilwl with 8o<lium hy<lroxide solution nnd 
suffer when the oxkle first formed is converted into a grey ^ 

S^Slic silver, together with a .iark-broa-n solution c<.ntaming tlie oxida- 

tion products of the sugar : 

2AgCl + 2NaOH » Ag.O + 2NaCl -f H .0 ; . Ag,0 = 2Ag + 0. 

... . 

" rfl ilL olacod in tlie mixture. Tlie chloride ts roduco<l, 
AgCI^HpAg+HO. 
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TUe silver from (6) or (c) may bo fiuwl in a crucible with stxiium carbonate 
to form a button. (If silver » fuse^l in a glazed porcelain crucible, the glaze 
becomes yellow, owing U> U>e formation of eilver silicate). Stoe distil)e<l the 
silver in a quicklime retort w*ith the oxyhydrogtm blow'pipe. RicUarde 
showed that pure fused silver contairts a little occlwled oxygen, which may 
1 m removed by fusion on lime in an atmospliere ofhyilrogen, but tlie metal 
then contains a trace of calcium. 

Pioperties of silver. — Silver is a pure .white metal, which conducts 
heat and electricity better than any other metal. The m. pt. is 
in absence of air and 056^ in air (when some oxide is formed}. It boils 
at forming a pale* blue vapour, the density corresponding uith t!ie 
formula Ag. Silver is very malleable and ductile ; it can be beaten into 
leaves 0*00025 mm. thick, which become somewhat transparent on 
heating. Very thin films deposited on glass transmit blue light. 

Silver, like gold and platinum, is a '* noble metal, not oxidised in 
air at the ordinary temperature. On exposure to ordinary air it 
slowly tarnishes and becomes covered with an adherent film, which is 
yellow, blue and black with increasing thickness. This film is com|joscd 
of silver sulphide Ag^S, formed by the decomposition of hydrogen 
sulphide in the air in presence of oxygen : 

2H^ + 4Ag -h Ot - 2Ag^ + 2HtO. 

The staining of silver spoons used with eggs is also due to the formation 
of silver sulphide from the combined sulphur in the albumin of the egg. 
The tsmiih is readily removed by a dilute sohition of potassium cyQni<le 
(pciserioMs/), followed by washing in plenty of water. 

Fused silver dissolves up to 20 times its volume of ox^'gen. which is 
liberated as soon as the metal begins to solidify, when the metal "spits ", 
part of the fused metal being forced out as globules or excrescences. 
This is a good test of the completion of cupellation. It is prevented by 
covering the metal with charcoal powder. Silver is attacked by chlorine, 
and more slowly by bromine, iodine and sul|>hur. It dissolves in hot 
concentrated hydriodic acid with evolution of hydrogen. It is not 
attacked by hydrochloric acid or dilute sulphuric acid, but is attacked 
by boiling concentrated sulphuric acid or cold dilute nitric acid. Silver 
I'csUts the action of alkalis, even fused, hence silver crucibles are used 
for fusion with caustic alkalis, but may be replaced by those of pure 
nickel, although the latter is slightly attacked. 

Silver deposited on glass by reduction is used in the manufacture of 
mirrors. This may be demonstrated as follows. 

Cleon a test-tube f«*ith boiling nitric acid, wash well with water, and 
prepare in it a dilute solution of silver nitrate. Add dilute ammonia drop 
^ drop until the brown precipitate of silver oxide is almoet redissolved. 
Then add pctossiuiu hydroxide solution and a solution of Rochelle salt 
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or CTfijie ftii|»Ar, wliU'h wots as the w»liicing aeont. PU» tlie tuba in a 
boakiT t»f hot water. A mirror of silver la (lc])^ite<l on the tube. 

A colloidal solution of silver may be prcjtarecl by Bredig s method of 
striking an electric are between silver wires under water. The metal U 
volatiliscKi, and condensed in tfie water in the form of very small 
particles w fucli remain in colloidal susj^ension. Colloidal silver is also 
formed by re<luction with ferrous sulphate, etc., in presence of sodium 
citrate, when a red transom rent solution is formed. Colloidal silver 
stabilised by alkaline albumin solution is called protargol and is a dark* 
brown liquid used as a disinfectant in ophthalmic cases. 

C<iininereiA] silver is Alhiyetl w'ith cop^ier bocaiiso tlie pure metal is ten 
soft fcir coinage or jewellery woric. Tl>c pro|>oriion of silver in 1000 
parts of ulloy is calletl the JiMnc9s. Brilisli silt'er has a linoness of 925, 
United States of QUO. Ca<liniuin alloye<l with silver makes it easier to 
Work. 

EUcttoplaling with silver. — Tfie elect r(>de]>osjtion of silver is applied 
in the silver coulometer (p. 222). 

Formerly, copper goods were platetl by laying a slri|) of silver on a 
bar of clean cop(>er, healing and rolling the bar to the required thick* 
ness. This is know'n as .SAe^cW plate, and tfie layer of silver is much 
tliicker than with elect roplale<l goods. Cop|>er articles are electro* 
plated with silver by making them the eatlwle in a .solution of silver 
cyanide in excess of {loUsshim cyanide, the anode being a plate of pure 
silver. The solution contains iiotassinm argent ucyanidc : 

KAg{CX),-K + Ag((’N),'. 

The anion is very slightly dUsoeiatod : 

AgtCNV^Ag +2CX, 

And the silver ions arc deiKisitcil on the cathode as a coherent film of 
metal instead of the c crystalline metal fornnxl from silver nitrate elu- 
tion. The cyaniile ions discharged on the silver anode form silver 
cvaniclc. which dis.5olvc« in the solution. The net result is the transfer 
of silver from the amxlc to the cathcHlc. Bright de|Kwjt.^ ore formed if 
carbon disulphide Is added to the solution. A compound of silver 
nitrate and thiourea can be used instoa<l of cyanide. 


Silver C«MPot*Ni>s 

Silver iti it« ordinary eomiwuncU is univalent, but a few compounds 
c,f bivalent silver arc known. l*nlilcc ccqijKT, it does not form b^c 
salts Tlie silver salts arc ioiiisc^l in solution. Tlie test for the sil 
ion is the formation of a while curtly prcci|utate of silver chloru c AgU. 
insoluble in dilute nitric acid but readily soluble in ammonia, )>otaasium 
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cvanidc or sodium t)uostil|>)iate. C'om|»lox compounds u'liich give only 
a fe^v silver ions arc formed in tficso solutions. 

Silver fluoride AgK in tlie only Imlogcn (’ciin|>ountl of silver opprcciobly 
soluble in water. Hydrofluoric m*id doc« ii<»t net mi tl»e metal, but di&soK’OA 
the oxide. The fused salt, wliicli contains met a II U* silver : 

4.AgF i- 2H,0 « 4Ag + 4HK + 0,. 

is an eJasfie black mass, easily cut with si’issors. Aci<i Huorides AgHFi and 
are described. 

Silvsr subfluoride AgjF, tvluch Is bright )*ellow. er>*staMino an<l electrically 
coiKlucting, is formed by heating a stiliition ofAgF with silver )M>wder, or by 
the electrolysis of AgF. It lias u eliaructeristic X*rey s|>ce(ruin. 

Silver chloride AgCl occurs native as horn-sib'er or chhrartjffriff. It 
is prepared by adding hydrocldoric aci<l or a chlorUIc to a solution of 
silver nitrate ; it readily fuses {m. pt. to a dark •yellow liquid which 
solidifies on cooling to a soft, colourless, tougfi mass, describe<i as 
ergentum cernu by Conrad Oesner (Io05), by Matthesius (15H5) as 
** glass* ore, transparent like horn in a laiiteni and as fuim corn fa by 
Oswald Croll {1G08), who says it was used by the alchemists in the 
fraudulent transmutation of lead into «lvrr. Silver chloride boils at 
1550^. the vapour density coiTes|>on<ling with AgCl. The fused chloride 
according to Stas is quite insoluble in cold water, but the curdy iireei- 
pitate is slightly soluble. It dissolves slightly in dilute nitric acid on 
standing, dissolves in 200 imrts of concent rateil hydrochloric acid, is 
fairly easily soluble in sodium chloride solution, and dissolves readily* in 
dilute ammonia, forming the complex ion Ag(XH,).\ and in solutions of 
potassium cyan ide and so4l iu m t h i osu Iphnte . Sol id silver eh loritlc absorbs 
ammonia, forming AgCl,3NH,, 2AgCl,3NH5, and other compounds. 
The thiosulphate solution contains a stable com|>lex ion Ag(S,Oj),'". 
ond sodium silver thiosuipbato XaJAgjiSjO,),] or Na 4 [Agj(S, 0 ,) 4 ) separates 
in crystals on adding alcolnd or evaiwmtion in a vacuum. It has a 
strong sw eet taste (/x>/sonous.')* 

Silver chloride is not dceomi)oscd by cold concentrated sulphuric acid, 
but the boiling acid dissolves it : 

2 AgCl + HjSO^-AgjSO, +2Ha. 

It is re<hjced on heating in liydrogcn isilver iodide is only incompletely 
reduced even at high temperatures) : 

2AgCUHj-2Ag+2Ha 

Sihvr broBLide AgBr forms a pnle.ycUow precipiute insoluble (like 
the chloride) in dilute nitric acid, and only sparingly soluble in diluU 
ammonia but readily in concentrated ammonia. It does not absorb 
ammonia gas, but liquid ammonia converts it into AgBr,3NH,. 

, saw iodids Agl is formed as a light-y-ellow precipitate, insoluble 
m ddute nitric acid and only s]>arln^y soluble even in concentrated 
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ammonia (wliicli changes Its colour to white), but soluble in sodium 
tliiosulpliate solution, hydriodic acid, and saturated potassium iodide 
solution. Silver iodide exists in three different crystalline forms. 
From - 10* to 72* it conlraeU on heating. 

Compounds of silver and thallous halides (which do not form mixed 
crystals) )tnow*n are 2AgCl, 3TICi and 2AgBr, 3TlBr. 


Silver chlorsU AgClOa is soluble and is formed by dissolving 8ih*er oxide 
in chloric aci<l and 01 ^* 818 II ising, or by jiassing chlorine into a suspension 
of silver oxide in water, liltering and evai^orating : 

3Ag,0 + 3C1, = AgClO,+ 5Aga. 


It <lecomposGe on heating into chloride and oxygen, end a trace of chlorine. 
It is reduced by sulphurous acid : AgClOj + 3SO| + 3H,0 s AgCI -f 3H|S0|. 
Silver perchlorate AgClOi is soluble in water and in bensene. Silver bromaU 
an<l iodate are formed by precipitation since, unlike the chlorate, they are 
sparingly soluble. 


Silver esde AgjO is obtained by precipitating a solution of silver 
nitrate with sodium hydroxide solution, filtering, washing and drying 
the brown precipitate at 60*, when it Is almost black : 

2AgN0, + 2NaOH - Ag,0 + 2NaNOj + H,0. 


The hydroxide AgOH is said to be precipitated from alcoholic silver 
nitrate solution by alcoholic potash at -30*, but it is very unstable, 
passing into the oxide. Silver oxide may also bo obuinod by boiling 
silver chloride with sodium h>'(lroxide solution. Silver oxide is slightly 
soluble in w'ater (0 03 gm. per litre), forming a solution alkaline to 
litmus, and the moist solid readily attracts carbon dioxide from the air. 

Silver oxide cannot be completely freed from water. It is completely 
decomposed on beating at 300* info silver and oxygen. It is said to be 
formed by heating finely divklod silver at 300* in oxygen under 15 atm. 
pressure. It is used as a base and as an oxidising agent in organjc 
chemistry and for giving a yellow colour to glass, a 5 *eUow silicate 
AgjSiOa Iwing formed. Wlien the oxide is dissolved in ammonia and 
the solution cxi>oscd to the air, a black precipitate containing 
AgjJJ is deposited, which is very explosive when dry, and is called 

fulminating sih'tf. 

SdTer suboxid. Ag.O b forme*! by tlie action of steam at 180’ on the 
sublUioride Ag(F . 


surer carbonate Ag.CO, is a light-yollon- powder (white when pure) 
formed by precipitating silver nitrate solution with an alkali carbonate, 
or preferabb’ a mixture of carbonate and bicarbonate ; it decomposes 
on heating into silver, oxygen and carbon 

Dotassium carbonate, a while double carbonate kAgCO, crysUl i 
SSThot concentrated solution. Moist silver oxide absorbs carbon 
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dioxide to form silver carbonate. Slvor carbonate is sparingly soluble 
and is almost completely hydrolysed in solution. 

8U?«r aertylide Ag,C, is an explosive wluU solid precipitated by acetylene 
from ammoniacal silver nitrate solution. 

Silver eysaide AgC^7 is formed as a white precipitate from a silver salt and 
cyanide solutions ; it <lissol>'e« in excess of cyanide to form the complex ion 
AglCN),'. salU of wlik-h. KAg(CN)„ etc- and also the free acid HAg(CN)„ 
are kno\vn In llxe solid form. SUter thio^ansts AgCNS is formed ae a very 
insoluble white cheeso likc precipitate, insoluble in nitric acid but soluble 
in KCNS solution, forming the complex sails KAg(CNS),. K,Ag(CKS), and 
K,Ag(CNS)4. 

Silver aitrats AgKO) is the most important silver salt. It is made by 
dissolving silver in hot dilute nitric acid, evaporating and crystallising, 
when colourless transparent rhombic crystals arc formed, whicli arc 
very soluble in water. It is also soluble in alcohol, pyridine, etc. The 
salt readily fuses (m. pt. 209*) and when cast into sticks forms funor 
cauAtic. Silver nitrate is readily decomposed by organic matter such 
as paper, cork or the skin, dcep-black metallic silver being deposited, 
so that a solution of silver nitrate is used as an indelible ink for niarking 
linen.' The black stain can be removed by a dilute solution of potassium 
cyanide. 

Silver nitrate decomposes at 450*. when oxygen and nitrogen dioxide 
arc evolved and silver remains : 

2AgNO, - 2Ag + 2NO, + 0|, 

The decomposition point is much higher than that of copper nitrate, so 
that this may be separated from silver nitrate by heating, adding water, 
and filtering from the copper oxide. 

Solid silver nitrate absorbs ammonia gas with evolution of heat and 
forms a compound AgNO,,3NH}. If ammonia is added to a solution of 
silver nitrate until the silver oxide first precipitated U dissolved, and 
the liquid is evaporated out of contact with air, er 3 *staU of a compound 
AgN 09 , 2 NH, separate. Double salts, e.g. AgNO^.NHiNO} and AgNO^. 
KNO,. arc known. 

SilTtr nittiu AgNOi is formed as a yeUowish*white precipitate when 
solutions of sil\*er nitrate and sodium nitrite are mixed. It may be cr^'S* 
tallised from hot water. It decompoeas on heating, evolving nitric oxide 
and leaving silver nitrate and silver ; 

2AgNO, = AgNO, + NO + Ag. 

Silver phosphide AgP, is formed from U>e elemettta on beating. 

Sihsr ortbophosphite Ag,PO| is formed as a pale*yellow precipitate 
when a solution of sodium phosphate is added to one of silver nitrate. 
The reaction is usually represented by the equation : 

3AgNO, + Na,HPO,- AgsP 04 + 2NaNO, +HNO„ 
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but as the preci flit ate is rea<lih* soluble in nitric aci(]> only about two* 
thirds of this amount of silver is precipitated : 

GAgNOa + SXasHPO^ “^AgaPO, + GNaNOj + HjPO,. 

Silver Itydrofen phaspluu Ag^HPO^ is deposited in white crystals from a 
solution of Che phosphate in )>hosphoric acid. Siher DtUpbosphale 
AgPOs and pytopho^hAte Ag^P^O^ are white |>reci|>itates formed by 
adding silver nitrate Co solutions of t)ie corresponding sodium salts. 
Silver ATssaite AggAsO, and sUwr Arsenste Ag,As 04 are canary-yellow and 
tight chocolate* brown preeipi Cates, respectively. The arsenitc dis- 
solves in antmunia, and if the solution Is boiled silver is deposited ; 

2AgaAbO, +2NH, -6Ag + As,0, +Nj +3H,0. 

Silver sulphide Is a black solkl formed when silver is heated with 
sulphur or in hydrogen sulfdiide, or silver nitrate solution is pre- 
ci[>itate<l with hy<lrogen sulphide. It is insoluble in ammonia and 
sodium thiosulphate solution^ but dissolves in potassium cyanide 
solution and in hot dilute nitric acid. 

Silver sulphate Ag,SO, is formed by boiling silver with concentrated 
sulphuric acid, or by precipitating a solution of the nitrate with dilute 
sulphuric acid. It is sparingly soluble in water, but dissolves readily 
in dilute nitric acid or concentrated suliihurlc acid. Silver sulphate 
decomposes at a red heat : 

Ag,S04»2Ag4S0, + 0,. 

SUver hydrejeo sulphate AgHSO^ is formed in light -yellow crystals 
when the sulphate is dissolved in less than three parts of sulphuric acid. 

Silver thicsulphau Ag,S,0, » formwl os a preei|>jeAt 0 on mixing «<jui va- 
lent amuunU of silver nitrate end 8o<lium thiosulphete in solution. It is 
<ntticiilt to obtain pure (when it is white), and decumi>os« when boiled witft 


wuter : 


Ag,S,0, f H,0 = + H,SO, 


Pholoffraoby.— The blackening of silver chloride on cxi*08ure to Ijgid 
was observe^d V Boyle, wfjo explainwl it as due to the 
Sc^eele (1777) sLwed that if the blackened substance is digested with 
ammonia unchanged silver chloride is dissolved and a residue of silver 
remains ’ He also^ noticed that violet Ught acts most strongly on 
chloride, whiUt red and orange light have practically no action. 

Tl.e li«t to ton. ll.e «n*i.ive Kjlver «.l.» to 

C:::; -- 

I in tho camera, an«l an in> lHibIe imago was i>roduc<Ml. 
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thioftulp>iate. as siiggoslcd by Hcrsilicl, un<l tlie pif tiire thus 6xo«l or 
render^ non^sonsitivc to light. Archer used q tronsfiareiit film ot 

collodion 9prca<l on glass, and imprccnnteil w iih *inc or ciwlrnium brt>mi<ie 
or icKlide. This was trealorl before use by immersion in a solnti<ni of a I Ivor 
nitrate, when tlxe halifle was <lo|M«iie<l. The plato wus exj^'sed in the 
oamern whilst still wet. nnci tl\en dcvelo|>e<l (Talbot. 1839> by Immersion 
in a solution of a retlu<*ing ngnit siidi oh pyrogaihe oidd, which converted 
the aUtrtd halide into black nictulhc silver. Tlie uttoUfred linli<lo w^is then 
dissolved out by jiotasaiiiin cyanide ora<siium thiosulpliatc, and a negative 
] >ro<l I iced . in w h ich t1 le ligi d ami shni Ic in 1 1 le | )i(*ttire u re rc vereeil . Posit i ves 
were ubtainetl by laying the negative on a |>iece of |ia]>or c<tute<l with silver 
chloride, and then ex|Kjaing for some minute to atin light or bnght < lay light, 
when tlie chlorkle was auniciently chnnizeii in <*<»lour to give a jiositive 
“ print.’* The print could bo (ixe^l in the some way as the plate, when a 
yellowish silver imoge waa left. The cohmr was much iinprovetl by 
immersing (he [irint, before it was fixed, in n solution of gold chloride 
(brown to purple tones), or potassium ehloro()]stinite (g^ey touch some of 
the silver being diasolvetl an<l replaee4l by the nobler metal. 


In the modern process the light •sensitive medium U usually a sus- 
pension or “emulsion “ of silver halide in gelatin. The halide used 
depends on the particular type of photographic material, High-speed 
plates and films contain a mixture of bnimide with a small proportion 
of iodide ; process plates, fast lantern plates and bromide paper con- 
tain bromide ; warm tone '* chlorobromide " papers and lantern plates 
contain a mixture of chloride and bromide : gaslight pa]>crs and iantem 
plates contain chloride. Self-toning print -out papers usually have a 
collodion emulsion containing silver chloride, silver citrate, gold chloride 
and citric acid. Tlie various ty|)cs of gelatin emulsion are prepared by 
adding silver nitrate to a solution of gelatin in hot water containing 
alkali halides in the required projKirtions. The warm emulsion, after 
" ripening “ for sod)c time, when the silver li slide grains increase in 
siso, is allowed to cool and set. The jelly is cut up, washed witli water 
to remove soluble salts, and Is then remelted and coated as a thin film 
on glass (for “ plates celluloid (for " hints or on pa)>er having a 
specially prepared surface. All operations are carried out in the dark, 
or in light oi a colour to which the pilot ographic material is not sensi- 
tive. By adding certain dyes (‘* sensitirers to tlie photographic 
emulsion, it is possible to make it sensitive to rays which do not affect 
ordinary photographic materials ; thus erythrosinc makes the emulsion 
sensitive to yellow and green in addition to the blue and violet rays 
(“ orthochromatic “) ; some cyanine derivatives confer sensitivity to 
the whole visible spectrum (“ panchromatic ’’) and other cyanine deri- 
vatives make the emulsion sensitive to the near infra-red region, rays 
which are capable of penetrating fog and base well enough to render 
long-distance photography possible. 

After exposure in the camera, which may be only a small fraction of 
a s^nd, the film or plate does not change in appearance, but in reality 
a change has occurr^ m the places on which light has fallen. It is 
deveipped by immersing in a solution of a reducing agent such as pyro- 
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gaUol» hydroqiii];one. or metol, in the presence of alkali and sodium 
sulphite. The exposed silver halide is then reduced to black metallic 
sil ver : C^H *( 0 H ) j + 2 AgBr » + 2 Ag + 2H Br. 

To p^e^'enfc over* vigorous development, when some of the unexposod 
halide is re<luced ami leoda to fogging ” of the ]>late, {H)(as3ium bromide 
is added to tlie deveio|)er. It retards clevelopment by lowering the eolubi* 
lity of the silver bromide or chloride. DtMeiisitjzers are dyes (usually of tiu 
safranine doss) which wlien dissolved in tlie deve]oj>er solution enable 
dcvolojmient to be corrietl out in fairly briglit artiHcial light instea<l of the 
very dim re<l or green light usually employed. After uoshing, the film or 
plate is fixed in a solution of stKliimk thiosulphate. Positive prints are 
usually made on bromide or gaslight {lapers* which are exposed. develo{>e(h 
an<l fixe<i in the same way as platee. 

Shcpjmnl (1^2$) found tlmt the ver>* high speed of photographic emuh 
sions is due to the presence of traces ( I |>Art in 100,000 to 1 [)urt in 300,000) 
of organic sulphur com|K)iinds present in the gelatin. Tho exact mecImnUin 
of tho photocliemical changes is still obscure. According to one theory* a 
6\ihhali<lei t-O' Ag,Rr. is furmetl by the transfer of bromine to the sensitiser. 
I^aterw'ork {loints, liowoN*or, to a purely ph^’slcsl explanation (Joly, 1905}. 
Halides of silver on ex|M>sure to light emit elci'tmns, and tho jiholu* 
sensitiveness is in the ratio of tlie order of tho photo * 0100 trie olfoct: 
AgRr> AgC'l > Agl. C'ath<Klo ntys (frcoolectriKis) ami X*rays (which pro* 
duce free electrons fr^im matter) also pnMliico ph<dograj>hi<* effects. Shop* 
pard andTrivelli (l92c>-102K)consNlerihat minute nuclei of silver nnd silver 
sulphide {** Kcnsitivity specks '*) which ore present in silver halide crystals, 
play an important |>aH. elotdndylic action being sot up on exposure to light 
which enlarges the nuclei «> that they may become centres ofdcvelojunent. 
Toy ami Harrison (I92H> f<mnd that tlie elect rind ctm<hictivity of silver 
halides increases on ex|M»iif« to light, ond suggest flint on exposure the 
halogen ions lose their extra elcidmn, which is tiuw free to convert n silver 
ion to a silx'er otom. The quantum efTiciericy <if tho pMcess (p. 216) is 1 
(Eggert and Noddack. 1923) j tlie jirimary pn»ce« is cordiaotl to the Imlul© 
ion; Hal' - Hal +0. followcxl by the secimdary reaction Ag‘ + 0*Ag- 
Accofding to Hamburger < 1933) an few as three silver atoms, ommgoil as m 
the silver cr>‘slol lattice, are able to art ns a centre from which dek clopineiit 
may pn tccetl . 1 1 scerrw t o l»e well ostn hlisl ie< 1 1 hat phot • Mens i I i v ity dc)>emU 
to some extent on tlws nature tlic wisorbed gelatin -silver or dye-silvcr 
complex on the aurfac*© of the halide crystals. Schccle's original 
ments however, prove conclusively Omt rliemical reactions occur wiicn the 
liirht U prolonged, and loss ofrldorine with the formation of silver 
liolido) has bcMi ostablishe<l by cxiierimonfs with tho microbulmico (lln • 
tung. 1922-25)- Up to 93 per cent may bo dccom|>oscd. Roho logons Uori 
restores the original weight ami colour, 

Bivalent silver.— ApaH fn*m the oxicio AgO ami <hfluoride AgFf, no 
8iinT>le comjiounds of bivalent silver are known, but some dark-co^^ 
co<mlinatin.. c.mpmin.ls of mI,« ..f bivnient »ilvpr ^la^•o been 
Since Ibe i.m hns the Mnic ..u,er eleelronie xlnjct.ire ns the eupnc ion > 
nro parannignctic. Some e..miH.ui..ls arc iso.nonibou, n'.tli eomlKnm 
bivalent copper and cadmium. 
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Aijenlic fluorida AgF, is fomwsd by the action of fluorine on silver powdor 
(Ruff» 1034). Ajg«tttk onde AgO is formed (i) by the action of boiling 
water on the compouml Ag,KO,i (which may conuin argentic nitrate) 
formed in black crystals on the anode in the elect rol>* 9 » of silver nitrate 
solution : (ii) by precipitating silver nitrate soldi ion with potassium or 
sodium pereulphate (ammonium persulphate reacts differently) ; (ili) by 
oxidising Ag «6 with hot alkaline permanganate solution. It was thought 
to be silver peroxule Agt^t> Barbicn showed (hat its solittlon in con* 
centraled nitric acid does not reduce MnO,> PbOs or KMn 04 > and oxidisos 
iodine to periodic acid. 

Anodic oxiclatiun of silver nitrate in presence of pyrUllno gives the orange* 
red compound of srgeaiic ailrsts (AgpytKNO^ls. ond n series of compoun<ls 
containing dipyrhlyl [Agdipy,}X„ where X = NOj. HSO 4 , iStOa. ClOj and 
CIO 4 , and other coordination compounds, aro known. 

By ano<]ic oxidation of a solution of AgO in nitric acid 1 1 10 oxide Ag^Oj of 
/cntiycnr tilver is formed (Barbieri* 1931). and this seems to be contained in 
the black oxide precipitated with pcrsulpltate (Vost, J920). 


Gold 

Blstory. — Gold occurs in the free state and with its marked colour and 
brilliance was probably one of the first metals knoum to man. Gold 
omamenu are found in neolithic remains. 

Oeeuiraikce.-^old usually occurs native, alloyed with a certain 
amount of silver and sometimes copper and traces of platinum. Some 
tellurium compounds of gold occur in small amounta, and traces of gold 
are found in all igneous rocks, in p>Titcs and other ores, and in sea 
water (less than ^th grain per ton). Gold is recovered from burnt 
pyrites. 

Elccirum is a native alloy of gold and silver. eonUining 15 to 45 per cent 
ef silver ; green gold contains 10 per coni of silver. Tliese alloys were used 
an ancient Egypt an<l called osem. Australian gold sometimea contains an 
appreciable amount of silver and is pale in colotir. 

Metallurgy. — The gold sometimes occurs in isolated nuggets or 
grains in sands or alluvial gravels, or else in hard quarts reefs The 
^veU are broken up by powerful jeta of water, and the rock is crushed 
in stamping mills or usually in balLmills. By modern processes, quarts 
conuining only O'OOl per cent, and gravels containing only 0 00003 per 
cent, of gold can be profitably worked. From the gravel washing, grains 
of gold are separate by passing the mud through long w'ooden troughs 
with battens across the bottom, or over blankets, which catch tlie heavier 
gold particles, the particles of rock being wa^ed away. The slime 
mills is sometimes passed over amalgamated copper plates, when 
the gold adheres to the mercury, but the eganide process (MacArthur 
and Forrest, 18S7) is now generally used and can be applied to finely 
stamped ore or tailings ** from other processes. 

The material is percolated in Isj^ vats with false bottoms with a 
weak solution of potassium or sodium cyanide in which, when exposed 


746 


INOBOAXIC CHEMISTRY 


[CHAF 


to air. the gold dissolves. The solution containing the complex auro* 
cyanide KAu(CN )2 is re<luced by adding charcoal or passing through 
boxes containing thin zinc shavings (the packages in wliich the cyanide 
is ex|)ortc<l sup])ly the zinc), wliengold is precipitated as a black mud. 
The powder is fused in graphite crucibles and sent for rehning : 

4Au + 8 KCN 2H,0 + Oj -4KAu(CN)* +4KOH 
2KAu(CN). +Zn = K^n(CN) 4 +2Au. 

Auriferous pyrites or “ concentrates ” are treated by Plattner's 
chlorint proce-«t ; tlicy are roasted, moistened with water and ex* 
loosed to clilorine gas in tubs with false bottoms, u'hcn gold dissolves 
as trichloride AuCl^. This is washed out with water and the solution 
reduced with charcoal or ferrous sulphate : 

AuCl, + 3 FCSO 4 • Au + FcjiSO*)* + FeClj. 


Bromine water is now often used instea<l of ddorine. 

The gold b III I ion is refi utti in various ways. I f it con tains silver i t may 
be boiled with nitric or concentrated sulpli uric acid, which dissolves the 
silver, provided the alloy does not contain more than one*thinl its 
weight of gold ; if it contains more gold it is melted with silver to form 
an alloy whicli contains one* quarter rU weiglit of gold, hence the pro- 
cess is called quartation 


In the Miller pr«>ceM, used at tlie Ottawa Mint, chlorine gns is pS 6 S»l 
through the melunl metal covered with borax, when silver chloride is 
formeil and floata to the lop. In on electrolytic |>roce«s. the gold bullion is 
made the ancMle in gold clilori<lo solution conuining liydrochloric ecid, pure 
gold being <loposite<l on the cathode. 


Fropertiei.— Ciold is a bright-yellow metal of high density and is a 
good conductor of heat and oK'Ctricity. Its melting point (1003*) liw 
between those of silver (961®) and copper (1083"). Gold is the most 
ductile and malleable of all metals : it can be beaten into leaves le« 
than O'OOOl mm. thick by first beating between sheets of vellum ana 
finally bctu-ccn sheets of gold*bratcr s skin. Gold loaf transmits green 
light, which is seen by holding burning magnesium behind goUl 
between two sheets of glass. Deposits on gold lace are only O OOOOOi 
mm. thick but still show the metallic lustre- 

Gold is not attacked by oxygen at any temperature nor by sing 
Adds except eelenic and iodic. It dissolves in chlorme water or m 
wifu mixture of conccntratcl nitric and hj-drochlor.c acids 
wCh^liritcT chlorine). It is attacked by fused alka is 
silver) and by fused nitre. Gold compounds are very easily reduced 

to the metal. 

Colloidal gold is formed by Brclig-s process (p. 73fl) or by 
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Cassius and described in IC84) » throvi*n down ; according to Moissan this 
is s colloidal form of stannic oxido with adsorbed colloidal gold : 

2AuCl, + 3SnCl, + CH,0 » 2Au + 3SnO, + 12HCI. 

It is used in making gold ruby gloss ; the glass when fused with the powtlor 
is at first colourless, but the red colour develops on annealing. 

Gold is too soft for use in the pure state, so that it is alloyed with cop* 
per or si leer, or both. Copper makes the metal redder, silver makes it 
pale. These alloys are malleable. Traces of lead and bismuth make 
gold brittle ; a purple alloy containing AuAls is formed with aluminium. 

The " fineness " of a gold alloy is often expresse<l In carats '*> pure gold 
being 24 carat line and standard alloy's are 22, Id. 15. 12 and 9 carat, con* 
taining these proportions of gold in 24 |Mrfa. The allay is assaye<l by 
cupel lat ion with lead, the button containing gold and silver being iben 
" parted '* by flattening, heating with nitric acid to dissoh'e the silver, 
beating to redness an<l w’eighing on on osaay balance. 

Gold plating is carried out in the same way as silver plating by de- 
position from a bath containing gold cyanide dissolved in potassium 
evanide. the requisite amounts of copper and silver being added, when 
these metals are deposited with the gold. 

Gold coinage has almost entirely gone out of use, the metal being 
stored in ingots in vaults as a standard of value. The great rise in price 
of gold has made it profitable to work deeper and poorer lodes than was 
formerly thought possible, 


Gold Compounds 

Gold forms aurous eompoaods AuX, all sparingly soluble, in which it 
is univalent, and the more important aorie compounds AuX, in which 
it U tcrvalcnt. Compounds (AuClt. AuBr^, AuO. AuS, AuSO^) 
apparently containing bivalent gold may contain uni- and tcrvalcnt 
gold , A u [ Au Cl^ 1 . etc. G old slio ws a marked tendency to co valency wit h 
a coordination number of 4 in auric compounds, e.g. gold tribromido is 
probably : ~ 

Au.< -Au' 

Br ^Br^ Br 

Gold dissolves in aqua regia to a bright yellow solution which on 
eva|)oration deposits deliquescent yellow crystals of cUoroaone tcA 
HAUCI 4 , 3 or4HjO (commonly called *• gold chloride soluble in water, 
Ucohol and ether. This loses hydrogen chloride at 1 20* to form deep-red 
orystaUine auric chloride AuClj, which is also formed on evaporating 
a solution of gold in chlorine water and heating at 150*. 

Chloroauric acid is easily reduced in solution to metallic gold by 
hydrogen gas or exposure to light. It forms salts, light-yellow crys- 
tals of KAuCl 4 ,lH ,0 on mixing with concentrated hydrochloric acid 
aud potassium chloride. 
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At 175^ AuClj decomposes to a light -yellow powder of surous eUozUe 
AuCl, which at higher temperatures is reduced to gold. Aurous chloride 
id insoluble but is decomposed by cold water: 3AuCl»AuCl3-i-2Au. 
On heating, KAuCl| forms the aurous compound KAuCIs. 


Auric bromide AuEta is formed in black crystals by dissolving gold in 
bromlno. M'ith potassium bromide it forms purple-red KAuBr^^^HaO. At 
115^ AuBr, forms yellowish -grey or green aurous bromide AuDr. tlecomposed 
at a somewhat higher tempentiire into gold. 

A green ]>rocipitate of auric iodide Aula is formed on adding gold chloride 
solution to jwtassiiim io<li(le solution, but it soon decomposes into aurous 
iodide and imiine (e/. Cul|). It dissolves in potassium iodide solution to 
f(»m KAuIi, black cr>'stals decomposed by heat with separation of gol<l. 
Aurous iodide Aiil is formcil as a yellow or greenish -yellow cr>'stallins 
powder by the action of iotlino on gold at or the action of iodine 

in ether soUriiim on gold. It is <lccom|»osed by heat and by water only 
on warming. 


By the action of cold dilute alkali on aurous chloride a violet powder 
said to be aurous hydroxide AuOH is formed, w filch at 200^ Is said to 
form violet -grey aurous oxide AujO : according to Pollard (192$) it is a 
mixtyre of gold and auric oxide Au^O,. Aurous oxide or hydroxide is a 
very weak base. 

Auric hydroxide Is formed a$ a reddish-brown powder by decomposing 
gold chloride (HAuCI*) solution with alkali, or better with magnesium 
oxide or basic carbonate, and washing with dilute nitric acid (in u'hicfi 
moat of it dissolves). It Is a very weak base, and also dissolves in hot 
potassium h^xlroxidc solution, and on evaporation in vacuum pale- 
yellow needles of yctassiuiB auraie KAuDjiSH^O separate. Sodium aurato 
NaAuO,.H,0 is formed by fusing gold powder with sodium peroxide, 
dissolving and crystallising. 

At 140*- 150^ auric hydroxide slowly forms auric oxide AuiOj, and 
at higher temperatures metallic gold, (AuO is said to be formed at 
I35*-165*.) 


Three cold nilphidw are deacribwl. Aurous sulphide Au^ is form^i w a 
nrevish-black precipitate on saturating a solution <»f potassium aurocyenit e 
hy<ln)gen sulphide and adding h>*<lrochloric acid to the 

NaAuS.(«comrK.and<.f 3-volent gol.l). Ai.i>.pcr iRp.Aii'(Au' t>.), ie pre 

dpituto.1 by hy-lroger. sulphide from neutral gold chloride solution . 
SAuCl, + 9H,S + 4H,0 ^ dAuS + 24HCI -fr-MjSO,. 

Auric sulphide Au^S. Is an amorphous black powder 
of hydrogen sulphide at - 10* on Mhium chlorauralc, UAuCl.-JH.O . 

2LiAiiC1. . 3H,.S - + 2LiCI + 6HCI. 

extracting the LiCI by alcohol, an.! drying at 70=. U is docom,x«d by 


water. 
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GolU wlien fuseU with sodium sulphide an<i sulpliiir forma iv mass soluble 
in water and the solution on eva|K)ration in vacuum deposits colourless 
cr>'stals of sodium sul^aursts NaAuSt.4H)0 (derived from AiifS>K SCahl 
(1715) fancifully suggeste<l that Moees used this method to dissolve the 
Golden Calf ! 

The complex sodium thiosulphsvite Ka3[Au*(S,0|)t],|H,0 formed by the 
reaction: A\iCl9‘i>4NetK,0, = No,[Au(S,Odt1 + Ne,S«0« ^ 3NaCl.cr>*stalliacs 
in colourless nee<llea ancl is iise<l in medicine as sanethrytin (Greek c/imsof. 
gold). It is not reduced by ferrous sulphete, oxalic acid or stannoits 
cliloride. 


Pouuium suiccysmdft KAu{CN)j is an important coTnpound> formed 
when gold dissolves in potassium cyanide solution in presence of oxygen 
and on dissolving fulminating gold (see below) in boiling potassium 
cyanide solution* separating on cooling in colourless crystals. On 
evaporating a solution in hydrochloric acid and washing the residue, 
yellow sorou cyoude AuCN remains. Colourless crystals of pousaiua 
auricyonide KAu^‘^(CN)4,iH20 deposit on cooling a hot concentrated 
solution of auric chloride and potassium cyanide : it is not reduced by 
ferrous sulphate. 


The ion containing tarvolent gold is (like AuCl/ and 

AuBr,') planar, but the isomeric ion Aul(CN)|'" of univident gold is (like 
Cu(CK),'" and Zn(CN)<") tetrahedral. 

Osyulti of gold are very uncommon. Besidee thesulphstei AuSO« and 
All, (804), (probably (AuO)HSO«) there is an acid oitraU H(Au(N0,}4).3H,0 
(which forms cr}*8tal]ine selU). basic nitrates, and a fairly stable yellow 
crystalline &el«a*te AutiSeO,), separating from a solution of gold in hot 
seienic acid. 

The supposed compoimds of bitaUni gptd are now usually regarded as 
complex compoimds conteining univalent gold in (he cation and tervalent 
gold in the anion, t.g. AuO, is Au^fAu'^^CM. etc. 

PiilTninating gold is an olive 'groen powder of rather variable composition 
formeil by digesting auric oxide or hydroxide with ammonia. tVhan dry it 
detonates violently when heateil or struck, forming gold, nitrogen, ammonia 
and steam. Raechig (1886) formulated fulminating gold as HN=;:Aii 
It is also precipitated by ammonia from gold chloride solution 
end then contains some chlorine. According to Weitz (1915) this fulmina- 
ting gold is ^ 

\au— NH— A u 
H,N/ \nh, 

with chlorine partly reidaced by OH. lu explosibility is increased on 
wash ing with ammonia , when psri>aj^ (A u ( NH, ) ,( 0 H ),}OH is formed . By 
the actitm of ammonia on aurous oxide scsquiauraauaa NAti,.NH, is formed, 
which on boiling with u-aler (ottca aurous nitride .•^u,N. 

A delicate test for gold is to j>our the boiling solution into a liule concen. 
tia^ stannous chloride solution, wl>en the precipitated stannous hydro- 
oxide has a purplish colour if traces of gold are present 
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A sparingly soluble caesium silver gold chloride, Cs^AgAuClt or 

[C^aAgCl.J [CsAua,] 

is used in the microcliemical detection of caesium. 



CHAPTER XXX Vm 
THE ALKALINE EARTH METALS 


The elements of Group II in the Periodic Table arc all metals. They 
are divided into two sub 'groups, the odd scries and the even series, and 
usually as follows : 

(a) Etsd uries: beryllium, mag* (6) 04dterisj : zinc. cadmium ami 
ncsium, calcium, strontium. mercury, 

baritim and radium. 

In moat ways ber^’llium and magnesium resemble more closely the 
metals of the (b) series and will be described with them. Radium has 
been described in Chapter XXIU. 

All these metals arc bivalent. The so*called eadmous salts 
(Cd|0, CdCI) are mixtures of bivalent cadmium compounds and finely 
divided metal. The znercurotis salts such as calomel, in which the metal 
seems to be univalent. HgCl, have the doubled formulae Hg^Xi. in 
which the group — Hg — Hg — . made up of tw'o bivalent mercury atoms, 
is also bivalent. All the metals form stable basic oxides MO and {ex* 
cent mercury) hydroxides M(OH)s. There is a regular increase in t];e 
solubility of these hydroxides in series {a) with increase in atomic 
weight ; those of series (6) are practically insoluble in water. 

Tlie older chomists gave the name earik to all non •metallic sxibstaiices 
insoluble in abater and xuichanged by fire. Lime and magnesia ware found 
to have an alkaline reaction and w^era calle<l nfkatine cnrihst the name being 
a^nrards applied to bar^^ta and strontia. The alkaline earth motals ware 
isolated by Davy in 160$ by the alacirolysia of solutions of the chlorides 
with a mercury cathode, and distilling the amalgams so formed. Lavoisier 
had suggested that, like other '' bases the earths w'ore oxidee of metals. 
Tlie metals were obtained in a coherent form by Dunsen and Mattiueesen in 
1855-6 by electrolysing the fused chloridse with a carbon anode and a thin 
iron win cathode. 

The metals of the alkaline earths are all siJver-w'hite. oxidise in the 
air and decompose water, though less vigorously than the alkali metals, 
CaleiuiQ, strontium and barium form hy*drides MH^, and true peroxides 
MO, in which the metal is bivalent (p. 197). The alkaline -earth metals 
and also magnesium combine directly with nitrogen, forming nitrides 
MjN,. Their compounds give distinctive colours when moistened >rith 
hydrochloric acid and heated on platinum wire in the Bunsen fiamc : 
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calcium, orange-re<l ; strontium, crimson ; barium, apple*green ; 
radium, carminc-red. 


The pliysical properties of elements of the eteo s«h« (except radium) 
uro : 



Re 

Mg 

Ca 

Sr 

Bs 

Atomic nuinlier 

4 

12 

20 

38 

50 

Electron configuration 

22 

29-2 

2-8-8-2 

2'8l8-8-2 

2-8-18-16-6-2 

Density • 

1 84 

1-74 

J SJ 

2-54 

3-78 

Atomic volume 

4'dU 

13-97 

25-9 

34-5 

30-7 

Melting point • 

1280* 

051’ 

651’ 

800* 

710’ 

Roiling point • 

1500’ 

IIOU’ 

1439’ 

1300’ 

1537* 


Calcu’m 

History.— The libtinry of tlie HicrnUtry of JiinMtone and has 

lieeii denU ujth in Clmpier V. 

Metallic calcium. — Metallic calcium was discovered by Davy in 18UH. 
It is pre[mrcd tin a technical scale by the electrolysis of fused calcium 
chloride. 

The catluxle Is iiti iron orn water*nKilod (rraphite rotl which touches the 
surface of the fiisctl chloriile (Fig. 3So). Tlie cntIuHle is slowly screwetl up 

ns the calruim nccumulntes ami the 
metal ts drai^Ti out into the form 
of nn jrrejrular ro<h protoetcti froin 
oxidation by n layer of chJcrule. 
A mixture of 1 00 (mrts of calcium 
cMorule and ^Hirtsof Jluonpar. 
wIiM'h melts at a hm*er ioni()cnitiipe 
(UtiO ) thnn ])urc calcium chlnritle 
(7K2') Iu» bm used as an elcctru> 
lylc. 

Metallic calcium is a silver* 
white iijzhi met a I rather harder 
than lend. It oxidises slowly in 
moist air. Although it has a high 
Imilinp jinint, calcium readily 
siililimes in a vncmim at bOO*. 
It Inirns brightly "hen hcalotl in 
oxvprn and combines directly 
with hvdrctgen, nitr^igen, sulphur 
and cidorinc, Crtlcium rc<luws 
nearly all metallic oxides and 
chloritks on heating : it reduces 
the alkali metal chlorides and 
fluorides on floating, but not the icKlidcs. When rapidly heated m 
carbon dioxide it forms calcium oxalc nncl carbide : 

5Ca + 200.^- 4f'a0 + CaC-. 



FiO. 355.— Calcium by ♦Jectrolysis- 
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Calcium oxidises slowly in moist air and decompoaea cold water slowly, 
evolring hydrogen, and calcium turnings are used to free absolute 
alcohol from the last trace of water. 


Metallic calcium is use<l in haiHJening lend, debismutbismg lead (UeUertnn 
process), cleoxhUsing co|»per, ir«m. and steel, desulplui rising petroleum, ami 
reducing oxides of beryllium, thorium, chromium, and uranium. An ullo> 
with alumina I m ba.s been used. 


Calcium Comfousds 

Caleiua hydhde CaHt is a w'bite solUl formetl with incajuiesconco on 
heating calcium in liydrogen ; it is stable in air but is violently <lecompose<l 
by cold water, with evolution of hydrogen : 

OaH, + 2H,0 ^Ca(OH),+ 2H,- 

Cslcluffl fluoride CaF,, wbicli occurs native as fuonfMr, is nearly 
insoluble in water (0*015 gm./lit. at but the precipitated huoride is 
more soluble in ammonia, ammonium salts and acids. When heated on 
charcoal before tlie blowpipe it evolves hydrofluoric acid and leaves 
calcium oxide. 

A red ealciuiD subflaoride I'OsFf is formed by heating calcitim fluoride 
with calcium above 

By dissolving limestone or marble in hydrocliloric acid a solution of 
calcium ehlohds CaClj is formed. This usually contains ferric chloride 
as impurity, and is yellow'. A little chlorine w*Ater is adtled to oxidise 
any ferrous iron, then the solution is fliteretl and milk of lime added until 
the liquid is slightly alkaline. On boiling, ferric hydroxide is precipi- 
tated ; the filtered liquid is neutralised w*ith pure Itydrocliloric acid and 
evaporated to a s>Tup, when colourless very deliquescent crystals of the 
hexahydrate CaCn^.flHsO separate on cooling. These dissolve in w*ater 
with considerable lowering of temperature and the eutectic point is 
-55^. On beating the cr)*stal8 at 200^ water is evolved and a w*hite 
porous deliquescent di hydrate CaCl 2 , 2 HtO remains, w*hich is used for 
preparing solutions for refrigerators. If heated more strongly a porous 
mass of the anhydrous salt is formed, w*htch is used in drying'gases, etc. 
This fuses at 773* and forms a liard cr>*stalline deliquescent mass 
on cooling. The product contains a little fiee lime unless fused in 
hydrogen chloride gas. Commercial calcium cliloride is made from 
the residues of the ammonia-soda process (p. 692}. The dihydrate 
and the anhydrous salt evolve heat W'hen dissolved in w'ater. Calcium 
chloride dissolves readily in alcohol. Anhydrous calcium chloride 
absorbs ammonia gas forming the compound CaCl^SNHj, which dis- 
sociaCes on heating, first forming CaClt,4NH9. 

If a solution of 120 part* of CaClj in 100 parU of water is cooled to 
a tetrahydrate, CaCl^4HtO, seiiarataa, which exist* in t \70 lorma, 

«andp. At 463*, the sublea form giveeCaCI».2H,0; at 177-6* C^Cl HO 
separates from the solution ; at 260*. anhydrous CaCl, (Rooseboom. 1889). 
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A basic chloride CaCI}.Ca<0H)3.H«O is f<irme<i iti nee^lle^ by boiling calcium 
hydroxide with calcium chlunde solution. 

Homberg (IG93| obsen'cil that fresh ly*fiwo<l calcium chloride is ph<»* 
phor^cent ; italdwin {]<i74) Imd noticed (Itc same j>ro|>ertv with calcium 
nitrate. Perfectly pure salts are not phosphorescent : tlie ]>rojjerty is due 
to the presence of traces of heavy metals, such as bismuth. 

Calcium bromide CaBr, (tn. pt. 730') and catcium iodide. Cal| (m. pt. 740^) 
are similar to the chloride. Tlie bromide forms raBr,.6H|0 and the iodide 
hy<lre(es wjtli C and 5H,0. Red cskium subeUoride Ca|CI| and eslciua 
rubiodide Cstli are formed by heating the chloride and iodide with calcium 
ami ra j>id cooling. Cal, is sahl to be formed by heating Cal, and iodine 
at 70^-S0°, and in solution. 


Calcium oxidr CaO is usually made by decomposing calcium carbonate 
by heating to redness. It begins to decompose at 550*. evolving 
carbon dioxide and leaving calcium oxide or quicklime. In a closed 
ve.sscl t)ic dccom)>oaition stops at a certain )ircssurc of tlie carbon 
dioxide, known as the dissociation pressure, u lrieh has a delmite value 
at each temperature, and the system is then in equilibrium : CaC0j<^ 
CaO+COj. 


898 

700 


900 

773 


950 

1400 


c. • . SOO 600 700 800 

P^iO, mm. Hg. • 0 11 2-35 25 3 168 

If the carbon dioxide is swept away by a current of air. dissocia- 
tion goes on till tlic reaction is practically complete. Decom posit ion 
occurs still more easily in a curr<*nt of steam. Lime-burning is 
carried out in a limekiln (Fig. 366) in which lumps of limestone 
are heated by flames and hot gas from burning coal in the base of 
the kiln. 

Pure calcium o.tidc is prepared by heating Iceland spar (pure native 
calcium carbonate) with the blowpipe in a platinum crucible, with free 
access of air, until a little of the w hite o|>A()ue residue after cooling and 
addition of water no longer offorvcisces with acid. It is n >vhitc amor- 
phous mass, density 3*3, which melts at shout 2570^ and can be boiled in 
the electric furnace, the vapour condensing in cubic crjstnU. Lime 
resists the tcnijicrature of the oxy -hydrogen hlowpiiH* w it li out more 
than sintering, and is used in making furnaces for fusing platinum. 
These consist of two blocks of lime, hollow o<l out. in the lower one of 
which the metal is placed, wliilst the hlowpi|tc is introduced through a 
bole in the upiKT block. 

Calcium hy^oxide (s/oiW lunt) is made bv the action of voter on 
quicklime (p. 77): CaO + H.0 -CmOH).+ 15-54 k. cal. (Gunpowder 
ma V be kindled by t he heat evolved in the reaction.) Tlic hmc com bmes 
with the woter, and forms a fine, dry, white jwwder of calcium hydroxide. 
The hydroxide dissolves sparingly, producing Umc-u^ter (1-29 gm. o 
CaO i>cr litre at 15* : 0-67 at W ). The solubility (as Dalton found) 
decreases with rise of temperature. 

Calcium hvar.kxi.le is fomwl oa a white |>rocipitate by a^lrjing «o<hurTi 
hydroxidesolution to a concentrated solutiw of calcium chloride : CaCJ, f 
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2NaOH = Ca(OH)s + 2NaCI. With salnrated soliicinns tlio mixture be* 
comes soUri (*‘ the chemical miracle ” of Rmnccsoo Lana. lliAO). Six*aided 
crystals of calcium hydroxUle are deposited by cvnporatiiig Umo* water in a 
vacuum over sulphuric acid. Staked lime, when hcato<l to dull redness, 
loses water and is converted 


into quicklime : Cd(OHJs ^ 
Ct0 + H,0. The dissocia- 
tion preosuree are 100 mm. 
at 350^ and 760 mm. at 450’. 
A hydrate Ca(OH)|,H|0 is 
described. 

Quicklime exposed to the 
air slowly absorbs moisture 
Atid carbon dioxide, crumb* 
ling to a powder of calcium 
hydroxide and carbonate, 
but it does not absorb dry 
carbon dioxide, nor does 
it react in the cold with 
chlorine, hydrogen sulphide, 
sulphur dioxi<le or nitro- 
gen dioxide : hydrogen 
chloride reacts only slowly. 
Lime.water on exposure to 


air becomes covered with Fio. 366.-Derbysliire limekiln, 

a crust of calcium car- 
bonate. ir this is broken it falls to the bottom, and another ap|>ear8. In 
this way the whole of the lime is precipitated. 


Lime is used in coal gas purification, paper making, tanning, os 
a fertiliser, and in making lime mortar for building purposes, tills 
consisting of a thick paste of slaked lime with throe to four times as 
much sand os quicklime originally taken. Lime made from magnesian 
limestone slakes slowly and gives a powdery mixture with water : it is 
called ** poor lime,'' os distinguUhwl from “ fat lime,'' which gives a 
paste with water. The hardening of mortar consists in the evaporation 
of the moisture, or its absorption by the bricks, and the slow conversion 
of the calcium hydroxide into carbonate by atmospheric carbon dioxide; 
no combination between the lime and tbe silica of the sand occurs, 
these substances reacting only above 620^ at an appreciable rate 
{Hiittig and Rosencranz, 1020). Modem mortar usually contains 
cement in place of lime. 


Cskiua poroiids is formed os a h>*<lrate, CaO„SH,0, by precipitating 
lime.water with hydrogen peroxide, rrom very concentrated solutions at 
0®, or in all coses above 40®. anhydrous CaO, is precipitated. Calcium 
peroxide is manufactured for use os on ontiseptio by compressing slaked 
lime and Na,Oi, and washing with ice-water. Much free lime is present in 
H. It is not formed directly from C^O and O, {ef. BaO,). Yellow eslclua 
tetroxide CaO,, eUble at 130®, is formed on warming CaO|,8H,0 alone, or 
better with 30 per c«it hydrogen peroxide. It evolves oxygen with dilute 
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acid^ ! C'aO, * 2HCI & CaClj f Oj 4 H|0|. anil <ji>«a hot liberate iodine from 
potaaaiiun UHlide. 


Calcium carbonate. — The moiit abundant mineral of caloiutn is the 
carbonate CaCO,, which is dimorphous, crystallising in various forms of 
the hexagonal system as coiciVe {density 2*71) and in the rhombic 
system as amg&nilt (density 2*92). Calcite U tlie common form of 
calcium carbonate ; besides occurring in minerals, it forms the cliief 
constituent of eggsliells and bones (together with calcium phosphate }« 
all of which effervesce with acids. Aragonite occurs in the shells of 
tnoUuses and in coral. In the massive form calcite occurs as marbU, 
linwtoMS of various kinds, calC’^par (a very pure transparent variety 
of which is Iceland spar) and chati. A compound of calcium carbonate 
and magnesium carbonate is detomite, MgC 03 ,CaC 0 j. of which (as 
well as limestone) whole mountain chains are composed. 

Aragonite usually contains strontium an<l lead carbonates. On 
passing carbon dioxide into cold lime-water the flocculent amorphous 
precipitate aoon crystallises as calcite ; fn>m hot lime-w'ater aragonite 
separates. Calcite is the stable form at ordinary temperature and 
pressure ; it passes into aragonite above 400^ 


Bivalent metal earbonates rrN*s(alhse in tl»e calrite form if the ion radius 
is 0*79- 1*06 A. and the aragonite form if it is I’0<W1'43 A. Since the Ca 
ion radius is 1*06. CaCO, can cr>*sta]l ise in both foim*. A third form. 
^•C‘a(‘(>,. density 2*54, is prwipilatwl fn»in linv*- water at 00' (John- 
ston, 1916). When boilcil fur a few minutes w'ith cobalt nitrate solution 
araifonito is colouml lilac but calcite U unclianKeil Mi ) ; an 

artilicirtl hexagonal form of CaCO, called lyjlrrifr js also coloured. 

Ah lutstable hcxeliydrotcCaCO>.CH,0 (Haul to occur in |)carlsand mol her- 
of-paorl), a |>cntahy<lr«le ami i*erlfcH|H a moiiohydrate uro precipitated by 
carbon dioxide frtmj lime-water i*ontHiMing sugar (Hume. 102 j). 

Tlie solubilitie* in gm./Ul. are : 

la* 

- 0-013 
. 0013 


25 ’ 

00143 

0*01328 


100 * 

0 01779 
0 01902 


Calcite • 

Aragonite 

At 23^ the solubility product is (Ca**) (CO/'J* 7*2 * lO**. 

In nrescncc of c»rbon dioxiJe »bout 100 times as much calcium 
earboMte dissolves (05M-I 0H gin. lit. at Iti* and 1 atm.), 
ciTboasts C8(HC0 ,)j being formed. A su|KTsaturatc«l wlulion isformol 
by passing carbon dioxide rapidly lliroiigli saturated lime-nater. 

Flncculent T.reeipiute- of Ca, Sr ar»l Ita l.i,arl«Hmtes. .leenmposin* 

room t^iperature, are «id t.. be fonne.1 from KHfO, an.l s.ronglyeoulod 

solutions of tlie chlorides iKetser. IMS). 

Calcium sulphate occurs as rl.oml.ic ''"*^"!'^^0‘;;J^f^|2’'citirer 

niasses 

either fibrous {talin >par) or oiaquc (olaAasfcr). 
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Anhytirous calcuinn siilpliftte ^xwls in two forma : (cr) nat^iral onhy<lritfl 
and that formal by flohytliulinj? pyi"*''*'' lieat* both pmcticolly 

insoluble ; (6) a s<iUible form. “ setting ** with water. pro<luce.J by dohyclm. 
ting gypsum at 60*-90* in vacuum over PiO,. 

The soluUllitiee of gy’psum in gm. CaSO« per 100 gm. H,0 are : 

0« 10* 30* 40* 50* 00* 

0*170 0-193 0-209 0210 0-204 0200 

Cypsum can easily be ratlucetl tn an extremely fine powder and the solu- 
bility increesee with tl>e fineness of the grains. This is <luo to surface- 
tension forces, which are more pronoimced with small particles. The 
solubility increases with temperature to 40'. and diminishes at higher 
temperatures. 

Gypsum at 120*-130" loses water and forms plasUr of Paris, the 
he mi hydrate CaS04,JH,O, which when mixed with water evolves heat 
and fiuickly solidifies to gypsum, expanding slightly ; It is used for 
casts. Plaster of Paris at 140® begins to lose water, all of which is 
rapidly expelled at 200®. The anhydrous CaSO^. density 2-57, rapidly 
takes up water, but if more strongly healed it hydrates only very 
slowly (like natural anhydrite) and is said to be dead- burnt : 
its density is 2*96. By healing over 400® slight decomposition into 
CaO and SO^ occurs and tsirich pUuUr is formed : this sets slowly to a 
smooth hard surface and is used for floors, walls, etc. 

Calcium sulphate bemihy<lrate ra>S04,)H,0 can be obtained in rhombic 
prisms, density 2 75, by lieating for some lime on n water bath 20 gm. of 
gypsum and 50 ml. of eonc. HNO^ : it is a dslinite comi>ound with a 
characteristic X-ray spectrum an<l there is a corresponding selenate, 
CaSe04.iH,0. 

Calcium sulphate begins to dissociate at 960* : when mixed with silica it 
reacts at 67 O'* and rapidly at 1280* : CaS0« + SiO» s CaSiO| -i- 60|. Hydro- 
gen chloride decomposes it at a red heat, forming CaCIs. 

Precipitated gypsum formed by adding sulphuric acid to a solution 
of calcium cliloridc is used as ptarl-hantning for " filling '* glazed 
paper. Ordinary blackboard chalk is made from gypsum, 

The double salts CaSO^.KjSO^.HyO (sj^RgemVr). CaS04.Na{S04 
(glau5ert<e}. and CaS04,2Na^04, are knowti. Calcium sulphate dis- 
solves in a concentrated solution of ammonium sulphate forming 
CaS04,(NH4),S04,K|0. Strontium and barium sulphates are insoluble. 

Oskima tulpbhs CaSO, is formed as a white precipitate (solubility 
0*24 gm./lit. at 25®) by passing sulphur dioxide into a fairly large volume 
of lime water, or by mixing solutions of sodium sulphite and calcium 
chloride. It dissolves in sulphurous acid, forming caldua hydrogen sulphite 
(bisulphite) Ca(HS0$)2. l^is is prepared by passing sulphur dioxide in 
excess into milk of lime ; it is used in sterUising bwr casks, and in the 
nuLnuiacture of wood-pulp. Wood consists of celluioM and ftpntn. 'ihe 
latter soluble in boiling bisulphite solution. The celiulose is left, and is 
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used for making f>a|)or. On standing exposed to air calcium bisulphite 
solution de|)osits crystals of CaS0,,2H,0. 

Calcium sulphide ChS is formed as alkali^itasif in the Leblanc process, 
or by heating gypsum with charcoal at 900^ : CaSO* + 4C »CaS +4CO, 
or in hydrogen at 600’- 800^. Above 900’, CaS reacts with CaSO* : 
CaS + SCaSO^ « 4CaO + 4SOj- Calcium sulphide is best prepared by 
l)as.«<ing hydrogen sulphide over gently heated slaked lime : Ca(0H)j + 
-CftS + iH*0. It is very sparingly soluble in water, but dissolves 
when hydrogen sulphide is |>assed into the susi»nsion, forming csleium 
bydTMulphide, crystallising as Ca( HS).,6H,0. The sulpliidc is hydrolysed 
by water : 2 CaS +2H.0 = Ca(OH)j + Ca(HS)j. Calcium jilysulpbides 

CaSj to CaSj, or poasibly CaS^, 8c<*jn to be contained in the reddish* 
yellow solution {tkfion hmior) made by boiling sulphur with milk of 
lime, The crystals w'hicb separate from concentrated solutions are 
CaS^.SCalOHj^.OHfO. Cakium ibiosulpbate CaS^Oj^GHiO Is formed by 
blowing air through a sus|>cn5ion of tf^e sulphide, by cooling a con* 
cent rated solution of calcium chloride and sodium thiosulpliatc, or by 
healing calcium sulphite and sulphur with water. If the solution is pre* 
cipitated with sodium carbonate, sodium thiosul]>hate is formed: 
CaSjO, + Na,CO, - CaCO, + Na,S,0,. 


Calcium nitrate Ca(NO,)y is present in the soil and is used os a fcrtl* 
User. It is manufactured by neutralising dilute nitric acid with lime* 
atone and eTa|)orAting, also by passing oxides of nitrogen into milk of 
lime or a su8|icnsion of calcium carbonate in water until tlic nitrite in 
the mixture is decomposed (p. 641). It forms very deli<]ueseent mono* 
clinic crystals Ca{NOj)|,4H,0 (two forms, m. pts- 42 7* and 307*) 
soluble in alcohol. According to T. \\\ Itichanls the best method of 
obtaining a pure calcium salt U repeated crystallisation of the nitrate 
from water or alcohol. The anhydrous salt, m. pt. 561*. dissolves in 
amyl alcohol. There are also tri- and di-hydrates and a basic nitrate 
Ca(N'Oj)2,CnO and hydrates- Calcium nitrate decomposes on heating, 
leaving culvium oxide. 

Calcium phosphate Ca,(P04), occurs in bones and in the mineral 
phosphoriu. It is formctl as a white amorphous ftocculcnt prccifiitato 
on adding ammonium phosphate and' a large excess of ammonia to 
calcium chloride solution : 3 Ca" +2HI*Oj" •k 20H' “CajfPOilg + ^HiO, 
but the precipiUtc may l)e the l«sie phosphate 3Ca3(r04)t.Ca(0Hb, 
hydroxyajatitt. Anhydrous CajfPOi),. m. pt. 1070*. is shown hy the 
liigh.temperaturc ))hiisc diagram ami X-ray s|)cclrum. Calcium 
phosphate is nearly insoluble in water, btit dissolves in water containing 
many salts or carbon dioxide, which dUsolvc the calcium phosphate 
in the soil and render it capable of absorption by the roote ol 


^OrcLnry sodium phospliale. or better a mixture of NH4H,P04 and 
(NH4),HP04. prccipiUtes from a calcium salt solution esJewm hydrogw 
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phosphate CaHP 04 * either anhydrous or with 4H.0 according to con- 
ditions: NajHPO* +Caa.-CaHPO, i-^NaCl. This and the normal 
phosphate dissolve in aqueous phosphoric acid and on sjiontancous 
evaporation the solution deposits crystals of calcium dihjdrogea phosphate 
Ca(H*P 04 )„Ha 0 : 

CajlPO^)* + 4H5PO4 SCalHjPO^), 

CaHPO* -I- HjPO^va Ca(HjP 04 ),. 

Tills is decomposed by water by Uic reverse of those reactions . It loses 
water at 100^-105^. Pure calcium dihydrogen phosphate (also called 
mooocalcidjn pbo^hate} is made commercially by dissolving slaked lime 
or pure limestone in phosphoric acid, crystallising and drying, and 
is xised in American baking powder. 

A mixture of the acid phosphate CatHiFO^),. anhydrous calcium sulphate 
CaSOi and phosphoric acid is the fertiliser called iuperphoaphnte o/Htne. It 
is made by macerating ground mineral calcium phosphate (phesphcrile) 
with two-thirds of its weight of 70 per cent sulpliuric acid : 

5Ca4(PO,),+ llHjS04*4Ca(H,P0d,4 2H,PO,+ IlCaSO^. 

The reaction is carried out In a hoHsontal cast-iron cylinder with re- 
volving blades. The mixture issues nearly fluid into pits or dtnt, winch are 
half-fiUed and then closed. Reaction occurs with rise of temperature and 
gases (COf, SiFi. HF, HCl) escape through a vent to absorption towers. 
After a day or two the super|>hosphat« ts removed, powxler^, and care- 
fully dried by hot air in long brickworic cliembers. 

Apatite (Greek opotoo, 1 deceive, since it was confused with many other 
species) is properly the name of the mineral 3Ca4(PO,)„CaF|. but is now 
applied (with tlis names /uoro/mtfVc. chhrapatiu, etc.) to a group of com- 
pounds 3Ca,(P04>i,CaX where X may be F,. Cl„ (OH),, CO„ SO,, etc. 
Tlie crystals are aggregates of Ca*'. PO/", and X ions, and apatite should 
be formulated as Ca,(P04),P. Related compounds (see p. 360) are mimeiite 
(formerly called rniwicrisiVe) Pb*(PO,),F, pt/romorphiu Pb*(PO*),Cl and 
wnadiniu Pb4(VOj,a ; utigaente is Mg,(P04),.>lgF, or Mg,(P04)F. 
Bstie esld\uii phosphate Ca^PiO, or Caa(F04),,CaO is a constituent of 6»ie 
•tog (p. 920) and it appears on the freesing-point diagram as a definite 
compound. 

Caloiuffl silicates shown in phase diagrams are two forms (« and fi) of 
the aeUsilicate CaSiO, (CaO,SiO«), an ertbodalicste Ca^i 207 ( 3 Ca 0 , 2 Si 0 ,), 
a basic metasilleste GaSiO},2CaO Or tncaleium lUicste 3CaO,SiO«, and three 
(perhaps four) forms of orthosUicate Ca^SiO^ <2Ca0,Si02). There are also 
various hydrated forms. 

Umoetone containing more than 5 per cent of clay on burning forms a 
lime which gives a hydraulic mortar which hardens under water. Vitru- 
vius says the Romans used it for harbour works. In 1796 James 
^ker prepared Roman cemeiU by beating clay and limestone below the 
^tering point. Portland cemonl (so called because after setting it 
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resembles Portland stone) is made by heating a mixture of limestone 
and clay, either mixe<l with coal as in lime* burning, or by feeding the 
wet mixture into the top of a rcrolring incline<l tubular furnace, into 
the lower part of which a blast of air charged j-* 

with eoaldust, which forms an intense Ha me, [ 

is injected (Fig. 367). The materials sinter I 

and theecMent clinktr formed in smalt nodules 1 || 

is ground to powder. I | 



KlCi. 3U7.- Coinetkt fiiriiai'o. The iipfier largo tube i« the fumiea propor, 
(ho lower imolk'r (tibo, vhwh also revoK’os. js a cooler. 


The constitution and mwlo of MCiiingof cement are compNcate<l and have 
been variously expUinetl. Coinont clinker ctmtaina tricolcium iilicatt 
3C'aO,SiOt, rofciNM orthotitiealt iV^O,SiOi,friait(fum tiluminate 3 ('a 0 .AI| 03 . 
and a compfe^ aifciMM atumino/e formerly tlioiiglu to be 5C*nO,3AI|0> but 
really 12C'aO,TAl(Oa. Some free lime and cnlctum nUirninoforrito 
4CaO.AI,Oj,Ke,Oj arc also presets. Wh^n mixe*! with water, cement 
rnpully hydra lea ajkI nets to o gel of 3C'a0.AI,0j.iiH,0 ond adsorM wnter. 
The ge 1 1 hen slowly c ryst all wos. The ra pki incrense irt xtrengt h nnd ban Incas 
w mainly <hi« to tlie |>artial hydrol>'sis of tl>e (ricnicium silicate to felte<l 
needles of calcium hydroxide in a gel of hydra to 1 si Urate. Addition of 2 5 
per cent of g>'i«um to tlic (‘ernciit clinker before grinding retards the sotting. 

(}]j^$._0ommon swM gfriis contains calcium and sodium silicates and 
liSK the approximatf composition NajO.CaO.oSiOj. It is made by 
fusing sand, soda-asli (Na^Oa) and limestone, whiting or lime in fire- 
clay pots or tanks at about 137.1 ’ i\ or higher. A mixture of soUcake 
(Na^O|) and charcoal may replace soda-ash but is not much used : 

SNajSO* >C +2SiO, -2N’R^iO, + CX), 

Ordinary gloss contains a little aluminium oxide derived from tlie clay 
pots. The sand for tlie best gla.'w must be white and free from iron 
impounds ; crushed quarts ami broken flints are also used. 


The ereen coUmr <hio to ferrous si lira to mny be ncijtrulj.«*o<l by twU I mg 
manganese dioxiilo or p»nJu»ite ((Jreek fire. «iul * j ‘‘J 

oxUl^ femuis tc. ferric silicate. tl>e yellow cobuf of which 
the pur!>le colour due to manganese. Selenium and rolwK oxide arc 
used to dccolofwe bottle glass, and nii-kol oxide with flint glass. 
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Bohmian or potash contains potassium instead of sodium^ has a 
higher melting point and greater resistance to reagents, and is better 
adapted for cliemical apparatus. Flint-gh$s is potash'glass with lime 
replaced by lead oxide (PbO). It has a high refractive index and is 
used for optica) purposes but la very soft. Jena resistance glass has a 
low alkali and a higher alumina content (which confers toughness) than 
ordinary glass, contains barium and zinc oxkles, and boron trioxide in 
place of some silica. Glasses of liigb softening temperature and 
resistant to rapid changes of temperature are used for oven ware, 
laboratory apparatus, etc. Tliey are rich in silica, poor in alkali, 
and contaui boron trioxide, B^Oj. 


Optical glasses may contain boron triox idc in place of aomo silica, and 
barium oxide m place of lime. Tvro main divisions arc recom^ised : crouti* 
glass containing os basic oxide mainly potash or l>ariuin oxido, and fiint- 
glass containing lea<l oxide. Crookes's glass for spectacles contains rare* 
earth compoiuids (prascod^Tnium and neod>'mium) : it allows visible light 
to pass but absorbs the ultra •violet. A very dar)(<rc<l glaaa containing 
nickel absorbs nearly all visiblo light but allowa aome ultra-violet to paas. 
VUa -glass, which transmits tome ultra-violet, is nearly free from iron and is 
made from very pure materials. Ordinary glass absorbs irdra*red rays 
(radisnt heat), hence its use for fire-screens. 


Coloured glasses arc made by adding various substances to the fused 
glass ; in the case of gold the colour develops only after rebeating : 


Red : gold, selonium. cuprous 
oxide 

Oresn : chromic oxide, cupric oxide 
aith chromic or ferric oxides and 
a reducing agent. 

Yellow: carbon and sulphates in 
the melt : cadmium sulphtdo ; 
sometimes uranium or eeleniiiin. 

Violet ; manganeee dioxide. 


Blue : CM fine oxide, cobalt oxide. 

Opaque milky : fluorspar with fol- 
S|iar ; cryolite j sometimes tin 
oxide or calcium phosphate. 

Fluorescent greenish-yeiiow : uran- 
ium oxicio. 

Black : large <)tianlities of ferric 
oxkle and cupric oxide ; cobalt, 
nickel and manganese oxides. 


Celeiiuii oitride Ca^N^ is a brownish -yellow solid, m. pt. 1195^, formed by 
passing nitrogen over ca Icium at 450^ or rapidly wi th fused calc ium . It is 
decomposed by steam: Ca,N,-t-6H,0 -2NH3 -KSCatOH),. Calcium 
absorbs ammonia gas, forming Ca(NH))4. which on heating forms 
calcium amide: Ca(NHs)c 4 4NH, -r and on heating at 
400^ this gives iaaide CaNH. 

CalchuQ phosphide Ca^Pj is formed in red crystals by passing phosphorus 
vapour over heated calcium or heating calcium phosphate with carbon 
ui the electric furnace (Moissan, 1890). It gives pure phosphine PH^ 
trith water. The crude phosphide, containing CatP^ and calcium pyro- 
phosphate, is made by passing phosph orus vapour over heated qu ick lime : 

+ 14Ca0»5Ca4P,-r2CajP,07 ; it gives with water spontaneously 
inflammable phosphine containing PtHi (p. 574), 
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Calcium carbide CaCj was obtained by Wohler (1862) by heating 
carbon with an alloy of calcium and zinc. It is manufactured on a 
large scale by Moissan’s process (1804). A mixture of 2 parts of coke 
and 3 parts of quieklime is heated to over 2000* in an electric furnace ' 

Ca0+3C»CaC.+C0. 

The furnace (Fig. 368) k a rectangular tank «f fireclay <iivitleti into com* 
}«uimenU line<l with gas*carbon Qn<t liaving a graphite block in the base 

forming one electrode. The other electrode 
eonsisis of vertical blocks of carbon suspended 
fntm chains and greulually lowered into the 
furnace os tliey are consumed. Arcs are 
struck between the base* plate and tl>ese 
electrefl0(. and tlie fuseil carbide is ta])pe<l> 
cooled, and broken into pieces in a jaw* 
crustier, The (commercial carbide is greyisli* 
black. According to Mc^issim (1903) the pure 
carbide is formed in colourless tronspnrent 
crystals by heating calcium hj’dride in acetylene and the product in 
vacuum, but this is doubtful (Botolfsen. 1922). 



Calcium carbide is <lecomposed by water to give acetylene : CaC« + 
2H30-Ca(0H)| ')*0|Ht ; I kg. of commercial carbide usually gives 
about 3(XI litres of gas. 

Calcium carbide is an energetic reducing agent. A powdered mixture 
with ferric oxide and ferric chloride burns violently wlien kindled with 
a taper, and fused metallic iron U produee<l. 

Calcium oislsts CaC|0| is formed as a white prfM'tiHiAto. insoluble in 
acetic acid but soluble in dilute hydrochlurie acid, when aminnnium oxalsts 
solution is added to a solution of a cnlriiim salt, preferably after adding 
ammonium chloride and ammonia. On heii ingut 380' fori hour it gives the 
carbonate : CoCtO* * CaCO, + CO. of at a rod heut the oxide CuO. These 
reactions ere used in the gravimetrir ewiitnution of rule i urn ; In the volu* 
metric mstliod the precipiute of oxulule U washed. <lecomj»oee<l with wann 
dilute sulphuric ackl, and the oxalir acid is titrated at 00 ' with per* 
mangaiiato : 2KMnO, 4- fiCni'fi, -f 2MnSO, *k K,S0. + «;aSO, + 

lOCO, *K 8H,0. ('alciinn oxalnlc wcuh* in snioll crysUls {raphnle4) m some 

plants. 


Strontium 

History. A peculior mineral ftuiml in the lead mine of Strontiem in 

Arg^'IIshiro was examined by <'fawf..rrl and Oiiickshank in I '90. ami later 
hv Hodc, Klru'on and Klaproth. They found it to contain ii now “earth 
which Hope rolled tfrmtiffs and KlM(>rolh sfrwtia. The inineful i« «trwj* 
(ionift nr strontium caflwnate Srf'O,. Another inincml in strontnim sul* 
phato Of rr/cs/me SrSO,. so called fr..m II-* palc-hluc 
specimens- Tim clement slronlium .stiith prootically only 
rather uncommon minemU. Metallic slontium was dwovenxl by u y 
in 1808. 
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Strontium and its compounds. — Metallic strontium is jircpared hy the 
electrolysis of tJie fused chloride, by heating the oxide with aluminium, 
and by preparing strontium amalgam by electrolysis with a mercury 
cathode and driving off the mercury at a higfi temjwraturo in hydrogen 
(when the hj'dridc is first formed and then decomposes). It is a silver- 
white soft metal which oxidises very easily in air, bums in oxygen, and 
decomposes water. 

Strondum hydride SrH, is fi>pnio<l by strongly licating the metal in hydrogen 
ami is a white solid reftombliiig caMiim hydride in its propertica. 

Sirontkuffi chloride SrClj.fiH^O is a colourless crystalline salt, e ill orescent 
in air (it is much less soluble in water than calcium chloride), It is pre- 
pared by <lis5olving native strontium carlionate in Itydrochloric acid, 
oxidising any iron with chlorine and digesting with some strontium 
carbonate precipitated from some of the solution by sodium carbonate, 
wlicn ferric oxide is precipitated ; the liquid is filtered, evaporated and 
crystallised. It may also be prepared from the native sulphate by fusing 
with sodium carbonate, when atrontlum carbonate is formed, wliich is 
washed with abater and dissolved In hydrochloric acid : 

SrSOt + NajCO, - SrCO;, + Ka^SO*. 

The sulphate may also be heated with carbon when strontium sulphide 
is formed, which is dissolved in hydrochloric acid : 

SrS 04 + 4C-SrS+4C0. 

Anhydrous strontium chloride is onW sparingly soluble in absolute 
alcohol ; calcium chloride Is readily soluble, whilst barium chloride is 
practically insoluble in ethyl alcohol but dissolves in methyl atcoliol. 
(The bromides and iodides of strontium and barium arc readily soluble 
in alcohol) 

SCro&tium osids {Btnmtia) SrO is obtained by strongly heating tlio 
carbonate, more readily when mixed vith carbon : 

SrCO,+C-SrO + 2(X), 

or at a red heat from the hydroxide and nitrate : 

Sr(OH),»SrOi-HtO 

2Sr(NO,), -2SrO + 4NO, + 0,. 

It is a white moss which combines with water with evolution of heat to 
form stroatiuia bydrad^t Sr(OH)t. This forms a readily soluble crystalline 
hydrate Sr{0H),,8H,0, which effloresces to a hydrate with 1H,0, and 
at 100^ this gives Sr(0H)f. Like calcium hydroxide and unlike barium 
hydroxide . strontium hydros ide forms the oxide at a dull-red heat. The 
hydroxide is used in sugar refining, since it forms a sparingly soluble 
compound Cx 2 Ht«Oxi. 2 SrO with cane sugar, which can so be separated 
from the molasses. 

Strootiun peroxide SrO a is formed at a dull -red heat from the oxide and 
oxygen but only under prMire (126 kg./eq. cm.). It is aimilor to barium 
peroxide. A crystalline hydrate SrO,.SH,0 is precipitated in pearly scales 
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on elding Jiydrogen peroxwl© to & solutim of strontium hydroxide j on 
heating gently it gives SrO, wiiich decomposes at a Ingher temperature : 

2SrO,*2SrO + 0^ 

Stroatiua carbonate is precipitated from a solution of a strontium 
salt by sodium carbonate : it is sparingly soluble {0*01 gm. lit. at 15“) 
but dissolves in water containing carbonic acid to form a bicarbonate. 
It is decomjxMcd at a higher temperature than calcium carbonate (I 
atm. pressure of CO, at 1258®), 

Strontium oicride Sr,N, is formed by heating tlie metal in nitrogen. It 
is black and is readily <iecomposed by water, evolving ammonia. 

StroBtium aitrste Sr(NOa)j, crystallising anhydrous from hot concen* 
trnted solutions, is prepared by dissolving the carbonate in dilute 
nitric acid ; it is used mixed with sulphur and charcoal to make 
“ crimson fire ** for fireworks, U is insoluble in alcohol and amyl 
alcohol and loss soluble in water than calcium nitrate. Strontium 
nitrate at the m, pt, ({M5®) gives mostly strontium nitrite Sr{N0,)t {c/. 
barium nitrate). Strontium nitrate U freed from barium by adding 
calcium sulphate solution {which precipitates barium sulphate), filtering 
and crystallising. 

Strentium suJpbsts SrS04 ^ sparingly soluble in water (0*1 gm. per lit. at 
15®) but soluble in dilute hydrochloric acid : it is insoluble in ammonium 
sulphate solution, but is more soluble in strontium nitrate solution the:i 
in water. Unlike calcium sulphate it does not form a hydrate. It is 
less soluble than calcium aulphate and a saturated solution of calcium 
sulphate gives a precipitate «ith a strontium salt. 

StroDtiua pbospbats Srs(P04)| is an amorpli<nw solid precipitated from 
neutral solution by NQ,rO«. Tlio prcei{>ilato of SrHPOt formod with 
KaiHPOf in at first amorphous, but then ciy’stalJisM. On Jiooting it forms 
SraPtOr, the p)'rophosp>iate, and Iho n»cla|ih(ispluite 8r(PO»)|, is aUo 
kiKiwn, 

Strontium salts impart a splendid crimson colour to the Bunsen 
fiame. and it is interesting that the 8i>cct rum of the fiame (that of erim* 
son fire in a theatre) had l^een examined by Fox Talbot in 1 820 long 
before Buns^rn and Kirchhoff invented sj>ectrum analysis, 

Bahiom 

History,— The hea^y mineral *' heftv}* sjjat " (density *4*5) ia found 
OMociat^ with mntallie ore* such m galena ; it is barium sul|)hftlo BaSO*. 
Karly in the seventeen lb cenliiry* a Rh‘*cmnkor of lhil<»gnn found that 
when strongly hcHlP'l with cliarctml this stone prod new a material (Imrium 
sulphide) which i« |iJMisipliore«eiit «ftcr exiKwuro to Jight, 

lhiS(), > 4i' ItiiS , 4<1). 

Scheolo in 1774 sli»»we»l llml hwivy is tl*c Kulplmlc of nn "ouflh 

■ Accor ling to Lii*etUH. /.rlWpWiM. I04U, [>. U* 

tho discovery was uwle in lOOJ liy t inwit CWiorolo. 
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which waa calle<l baroie (CJwok, 6ory« = heavy) by Cuyton de Morveau and 
baryte4 by Kir wan. Melallic barium wna oblaiiuxi by Davy In 1808 from 
the amalgam formed by eJectrulvMk. 

OccuireQce. — Barium occurs as barytes or heavy sjtar, the sulphate 
BaSOi ; aa xvitherits, the carbonate BaCO) (isomoq>hous with aragonite 
and a common ganguc material In lead mines) ; asofafoniVe BaCOj^CaCOj 
in rhombic crystals and in nionoclinic crystals as barytocalcite. Barium 
also occurs as an impurity in some other ores, e.g. of manganese (/»i70' 
melane, see p. 890). 

Barium and its compounds. — Metallic bshum is prepared by processes 
analogous to those used for strontium ; very pure barium U obtained by 
the slow distillation of the dry amalgam (obtained by electrolysis with 
a mercury cathode), when mercury first distils and then barium. It Is 
a ulver* white soft metal which inflames spontaneously in air and de- 
composes water and alcohol. Barium bydri^ is formed from the 
elements at a bright red heat. 

Barium cblorMe BaCI] is prepared from the native carbonate and 
sulphate by methods analogous to those used for strontium chloride. A 
large excess of sodium carbonate must be used in decomposing the 
barium sulphate, and a high temperature in its reduction with carbon. 
Barium chloride crystallises as BaCl2.2H|0 and the crystals are neither 
efflorescent nor deliquescent. It is readily soluble in water but insoluble 
in absolute alcohol, and it is almost insoluble in concentrated hydro* 
chlorie acid, which precipitates it from solution. 

BarliUD eblorste BalClOjlj.HiO is used in the preparation of chlorie acid 
(p. 273) and is made by evaporating a solution of sodium chlorate and 
barium chloride, when s^ium chloride is deposited : 

Baa, + 2NaaO,s Ba(ClO,), t 2NaCl. 

The solution is hltersd through % hot* water furmel and further eva])orato<l> 
when the barium chlorate cr>*stallises on cooling. It is purified by re- 
crystallisation. 

Bvium oxide (6aryto) BaO is best obtained by heating the nitrate 
strongly (to decompose any peroxide formed), or the iodate (when a 
periodate is first fo rmed ) . Barium carbonate is only slightly decom posed 
even at a bright- red heat (it attacks platinum at a red heat) unless 
mixed with charcoal : 

BaCO, + C-BaO+2CO. 

or heated in a current of steam, when the hydroxide is formed : 

DaCO, + H,0 « Ba(OH), + CO,. 

The dissociation pressures (BaCO, ^ BaO + CO,) of bsrium carbonate 
are : 

<*C. . . dl6 1020 1120 1220 1300 c. 1352 

pmin. * . 04 4-3 24-4 114 381 760 

Barium oxide combines vigorously with water with evolution of heat 
to form barium hydroxids Ba(OH)s ; this gives a crystalline hydLrate 
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Ba ( 0 H ) 2 , SRjO , Tcry aoUible in hoi water. On exposure to air free from 
carbon dioxide the crystals ettloresce to Ba( 0 H)g,H 20 , and at 100* 
Ba(OH )2 is formed. This fuses on heating and (unlike calciutn and 
strontium hydroxides) does not lose water completely even at a lugb 
temperature. A solution of barium hydroxide in water {haryta wafer) 
gives a white precipitate of barium carbonate uith carbon dioxide, 
soluble in excess to form a bicarbonate decomposed on boiling. Barium 
hydroxide is a strong base and may be usc^ in volumetric analysis 
instead of sodium hydroxide, since any carbonate formed on exposure 
to air is precipitate and does not remain in solution to interfere 
with the colouT'Changes of some indicators. Baryta forms a sparingly 
soluble compound with cane sugar, but is not used in sugar refining 
since barium salts are poisonous. 

Sahoffl perosde BaO^ is readily forme<l by passing oxygen or air free 
from carbon dioxide over barium oxulc at a dull red -heat ; at a bright- 
red heat it decomposes into oxygen and barium oxide : 

2BaO -f 0) ^ ^BaO^. 

The dissociation pressures at different temperatures are : 

655* 650* 720* 790* 795* C, 

25 05 21U 070 760 mm. 

A crystalline hydrate BaOj.SHjO is formed by adding hydrogen ptj- 
oxide to baryta water, and when gently heate<l it forms Che anhydrous 
peroxide. By adding baryta water to hydrogen |>eroxide tlic com- 
pounds Ba0j.H,0. (yellow) atkI BaO,.2H,b, are precipitated. 

Bsriua corbonaw BaCO^ is formc<l as a white precipitate on adding 
an alkali carbonate to a solution of barium chloride. It is more soluble 
(0*02 gm. ))cr lit.) than strontium carbonate (CM)1 gm. per lit.) and is 
slightly hydrolys^ in solution : a siis|icnsion of barium carbonate is 
sometimes used in qualitative group se| Miration as it precipitates ferric, 
chromic and aluminium h 3 *droxides from solution.-* of their salts, but not 
zinc or manganese wilts. Barium carlKinatc is .stable at a high temperA* 
ture, and can be heated with a bloH^piiic without much change ; it 
attacks platinum at a red heat. It disojolves in water containing dis- 
solved carbon dioxide to form a solution of the bicarbonate Ba(HC 05 )|- 


BArium oitride Bo,N, is a black >«»Ijd formetl by heating barium m 
nitrogen ; it evolve* ammonia with water. ' 


Bwium Btt(NOj),. which cryslalliscs nnhyclrous, is ma<lc hy 

dissolvinc the carbonate in dilute nitric aci.l and cva(K>rnlin).'. It is 
muc]i IcM soluble in water limn slronti.i.n nitrate and .s "’* 0 '"'’ *; 
alcohol and in nitric acid (wliieh piw.i.tlnles it from " 

barium compound is best ol.lame<l by rc|K^r«l f„'„! 

nitrate- from tbc pure nitrate Ibe eurlionnte is precipitated «ilh 1 ^ 
mniiium carbonate and w then dk-<olv<Kl in an acid to form the ' 

iiondinc salt Barium nitrate inixwl with chan-oal i 

firo” in pvrotechnv. (hi Iicatiiig it gives mainly oxide and 
pA^^oxidc^ and very* little nitrilv (c f. strontium rntrate). 
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Barium oitritd Ba(N0,)„H,0 is prepared by mixing hot nearly saturated 
solutions of sodium nitrite and barium cliloride, filtering from the sodium 
chloride with a hot* water funn^* and allow'lng to crystallise- The salt is 
reerystallised from water an<l drie<l over sulphuric acid. It is very soluble. 


Barium sulphide BaS is obtained by reducing the sulphate with carbon 
(see above), but most conveniently by the action of hydropn sulpliide 
on gently heated Ba(OH)j.H,0 ; it is easily soluble and is hydrolysed : 

2BaS +2H,0-Ba(0H)j + Ba(HS),- 


Polysulphides of barium and strontium arc known. 

Barium sulphate BaS04 is formed by adding dilute sulphuric acid or a 
solution of a eulpliate to a solution of a barium salt, as a fine white pre- 
cipitate nearly insoluble in w'atcr (2*4 mgm. per litre) and acids, except 
hot concentrated sulphuric acid which forms the acid sulphau Ba(HS04)2, 
or in hot very concentrated hydrochloric acid. Precipitated barium 
sulphate is used as a pigment {Uan^Jixt or permanent u*Ar«), but has a 
poor covering pow'cr. ^thopone is a mixture of barium sulphate and 
sine sulphide and oxide made by precipitation : 

BaS 4ZnS04 - BaS04 4 ZnS. 


and heating the precipitate. It has a good covering power, and docs not 
darken on exposure to hydrogen sulphide, but darkens on exposure to 
light. 


Barixun sulphate carries down from solution various soluhle salts, 
especially potassium sulphate and sulphates, salts of ter valent motals 
(Fe, Cr), nitratse, and chlorates, w'hich cannot be removed by washing. 
It also adsorbs bariuni chloride and is slightly soluble in dilute hydrochloric 
scid and in many salt solutions. Barium sulphate is only slightly decom- 
posed at a white heat. These properties are of importance in quantitative 
analysis. Barium and strontium sulphates are converted into carbonates 
by boiling with alkali carbonate, and the reaction is reversible. Barium 
sulphate is almost quantitatively converted to carbonate on fusion with 
d-Cl mole, of potassium csrbonatc. but barium carbonate is only very 
bcomplstely converted into sulphate on fusion w*ith potassium sulphate. 

Barium hunats BaTiOa, formed by heating baritim oxide and titanium 
dioxide TiO„ is interesting in having an extraordinarily high dielectric 
constant, so that it is called a ferroelecirie eub- 
stones, by analogy with ferromagnetic iron. It 
has also a ferroelectric Curie point (analogous to 
the magnetic Curie point of iron at 760^). The 
cr}ratal lattice is that of the mineral perotvAi^s 
CaTiOa, and this occtirs also with BaZrO>. 

NaNbOa, LaGaOa, LaAlOa. LskFeOa. KIO*, and 
KNiF,. The ideal perovakite type lattice ABO. 
is cubic with an A atom (Ca. Ba. etc.) at tho 
centre, B atoms <Ti etc.) at the eight comers, 
and oxygen atoms on the twelve edges, so that the unit cel) has the 
composition A 4i<8B) 'f|(l2O)»AB0s. In the extended lottice, each 
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Ti at a comer is aurrounded by six oxygens, forming TiOa octahedra. 
A similar arrangement, but without a central atom in the cube, is found 
with rhenium trioxide ReO». 

The atomic weights of magnesium, calcium, strontium and barium 
have been determined by precipitating the chlorides or bromides uith 
silver nitrate. The valencies follow from the atomic heats of the metab. 



CHAPTER XXXIX 

>UGNESraM, ZINC, CADMIU>C AND MERCURY 

It has b««n stated (p. 751) that tlie meUls of Group II are divided into 
an ewa sttim containing berynium, magnesium, calcium, strontium, 
and barium, and an odd utiu containing ainc. cadmium, and mercury. 
Since beryllium and magnesium arc more like line than the alkaline 
earth meUis, they arc considertfd in the present chapter. 


The physical projierties of Oie metals of the odd s«has in Group II are : 



Zn 

Cd 

Hg 

Atomic mimber • 

. 30 

48 

80 

Electron configuration 

• 18*3 

2*8'18I8*2 

2-6-l8-32-l$'2 

Density • 

71 

8-04 

l3-6955(0*) 

Atomic volume < 

0*21 

1301 

1402 

Melting point • • 

4194* 

320'9* 

-38 87* 

noiling point 

. 920* 

707-3* 

35003* 


The two parts of Group II are much more alike tlian those of Group 
I although they differ more than the odd and even aeries of Groups III 
and IV, where there is very little differenco between the scries in a 
group. Beryllium and magnesium in some w'ays resemble tlie elements 
of the odd scries, with W'hich they are often classified, and beryllium 
shows many analogies not only with magnesium but also aluminium in 
Group 111 ; beryllium h^dro.vide is precipitated by ammonia and dis- 
solves in sodium hydroxide solution, and beryllium salts are hydrolysed. 
This divergence from group properties is probably connected with the 
small size of the Be'* ion : the ions Mg*', Ca", Sr * and Ba * form 
increasingly strong basic oxides. 

Beryllium, mAgnesium and zinc form w'hite aolid hydrides MH^, but 
only indirectly, whereas calcium, strontium and barium form hy- 
drides on heating tlie metals in h^*drogen. 

All the elements form basic oxides MO (mercury also forms the basic 
oxide HggO) and, except mercury', basic hydroxides those of 

Be and Mg and of the <^d series elements being very sparingly soluble. 
Cadmium oxide is brown, mercurous oxide black and mercuric oxide 
yellow or red ; zinc oxide is white but yellow when hot. Unstable 
hydrated peroxides (but not of beryllium) are formed only indirectly, 
by the action of h)*drogen peroxide on the oxides or hydroxides. 
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The mctnls are all silver* w'liite. Beryllium, magnesium, zine and cad* 
miiun crystallise in claae*peoke<l hcxagonaJ. mercury in rhombohedral, 
latticee (the alkaline earth metals cry*sta1lise in cubic lattices). 

Magnesium and zinc oxidise only slowly at room temperature in air ; 
beryllium, cadmium and mercury are stable in air. Magnesium powder 
decomposes hot water slowly, and zinc and cadmium decompose steam 
on heating. 

Beryllium and magnesium resemble the elements of the odd series in 
fortning soluble aulphaies, BeS0«,4H20 and MgSO^.THfO (isomorphous 
with ZnS04,7K«0), and double sulphates. K 286(804)2 ,2 HjO and 
K2Mg(SO4)3,0H26 (isomorphous with K2Zn(S04)2,6H20), and in forming 
organomctallic com{)ounds BetCH,), and etc., similar to 

Zn(CH3)2. CdiCHj),. HgiCH,)*. etc. 

Tho sulphicles of boryllium, mognwium. and the alkaline earth tnetala are 
not ]>re(*ipitated from solution by h>'drfven 8ul])hi<]e : those of zinc, cad* 
Ruum and mercury* are, and decrease in solubility in this order. The 
Bulpliidce of Be, Mg. Ca. 8r an<l Ua are hyrirolysed by water ; ZnS is soluble 
in <lilute and CdS in concentrated hydrochloric acid, whilst HgS is insoluble 
even in boiling nitric ackl but dusolvce ut hot aqua regia. 

Zinc, cadmium and mercury are sometimes classed as froMitiorud 
ekmtnU (p. 370). since the cations have IH*e)ectron shells, although they 
arc uniformly bivalent. Tliey show on increasing tendency to form 
covalent compounds from zinc to mercury, fused zinc cfdoride being a 
conductor but mercuric halides alo^ost non-ionised. Mercury is {)eculiar 
in forming tho two series of msreurous and mercuic compounds, with 
entirely different reactions. The mercurous compounds closely re* 
semble those of silver or univalent copper : the mercuric arc analogous 
to compounds of bivalent copper, zinc ami cadmium. 

Beryllium, magnesium, zinc, cadmium and mercury do not give 
distinctive Hamo colorations. 

Zinc ahows a co valency of 4 with « tatrahwlral arrangement of valenciee 
in the oj>tically active <lerivati>'es of l>ciiw»ylpynjvic ackl : 



anti zinc and catlmi.im show a cov.lcr.cy of 6 will, .n .K'tohc.lral .rr.tip - 
moot of v»lenfiM in lire o|rtic.lly aCivc com|»...ncl, oti.ylonediamu.. - 

[Zn an,]Cl. and [Cd en.lCI. (S5ee page «5). 
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BeRYLUI'M 

Vaiiqtielin in 179S that tlw? mmemi btrifl (Fig. 360) contains ft 

peculiar earth, differing from lime and alunnnii by fomiing a soluble 
sulphate which <loes not prAJuce alums. Tlie true or Peruvian 
tnitmld (cj. p. 800) is a transparent variety of beryl, coloured green by oxide 
of cl I romivi in . Aqua mari ii e is a bl uish -green variety. 

The formula of l^ryl is 3lM.Al,0„CSi0s. 

To pre]>nre beryl litim salts from ber>*l, It ts fused 
with potassium carbonate, tlie melt ova]K»rated with 
sulphuric acid, and digeateil w’itli water. *Silica is 
filtered off, ami on cooling the evaiM>ratcd filtrate 
nearly all the aliimuiium separates in tlie form of 
potash alum. The mother liquor is then poured into 
a concent mte<l solution of ammonium carbonate 
and allowed to stand. BeryUium hjdresde BclOHli 
aii<l csrboDsU DeCO,. are soluble in ammonium 
carbonate, wJiilst ferric hydroxide ami alumiim are 
precipitated. The flltrato on boiling de|Ktaits a basic beryllium car- 
bonate. If this is ignited beryUjon oxide hio remaixw as a white {>owder 
soluble in liot concentrated sulphuric acid ; the solution on cooling de> 
posits crystals of beryUium sulphate BeSOi, 4H,0, with a surest taste (hence 
the name pfucinwm hirmcrly given to tlte element). The sulplutle doss not 
form mixed crystals with CuSO^* F 6 S 04 »etc.i and thus iliffers from ZnSO^ 
and MgSO^. 

By passing chlorine over a heated mixture of tlie oxide and carbon 
beryUiuffl chloride BeCIi sublimes in white crystals wliicli fume in moist air. 
The vapour density of the chloride (b. pt. 5S0*) correspomis above 030^ with 
the formula BeCli. Metallic heiyUiiUD is obtained by the electrol)’sis of a 
fused mixture of the clilonde with sodium ami ammonitim chlorides, or of 
the Buoride with sodium fluoride in a nickel crucible with a carbon anode. 
It is a hard u’liite metal, density 1*843. m. i>t. 1380*. burning brilliajitly 
in sir w*hen heated in tlie form of {low'dcr, but it docs not decompose 
steam even at a re<l heat. It is reatlily soluble in h>*drochloHc acid and in 
dilute sulphuric acid, but not in nitric aci<l, and readily soluble in alkalis 
(e/. aluminium). Beryllium is a constituent of some alloy's. 

BayUium hydroxide Be(OH)| is sduble in alkalis but Is reprecipitated 
on boiling the solution. It is readily soluble in ammonium carbonate and a 
basic carbonate is precipitated on boiling the solution or passing a rapid 
current of steam through it. By these reactions it is distingtilahed from 
alumina, w*hich it otlierwise closely resMubles. BetylUvun nitrste Be(NO»)a 
is \ised in making gas mantlea, a small quantity being added to the thorium 
and cerium nitrates (p. 846). 

On evaporating b^'llium hydroxide with acetic acid a characteristic 
Me sceUte Be«0(CsHsOs), is formed. This is readily volatile <b. pt. 330*). 
giving the normal vapour density and is soluble in chloroform. The 
X*ray examination of ilie crysUlllne compound shows tl>at the four 
beryllium atoms are arranged at the comers of a regular tetrahedron, with 
the oxygen at the centre, and the six edgea are occupied by the acetate 
groups. 



Kjo. 369.— Cr>*fltal of 
beryl. 
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Macnesiiu 

History. — In I $95 Neliomiah (*row obtalnotJ from tho wfttor of a mineral 
spring at E[)eom a iieculinr salt wlurli waa oaUec] Epsom salt, whidi is 
ms^esiuiD sulphate MgSOj.THtO : magDesium chloride MgCl» is contained in 
soa water. Majmcaium and calcium compourtds wero distinguished by 
Hoffmann in 1 722. Hy preci|)italiiig sulutium of those salts with potassium 
or sodium carbonate, a basic carbonate ca]l«<l magnesia alba ts obtainetl. 
1 i lack in 1754 xho we« 1 1 hat I h is con la ins fixed air or carbon dioxide combined 
with eahinetl magnesia or msgaesium oxide MgO, left after ignition of 
magnesia alba. Metallic magnesium was obtained in an imjture state by 
Davy in lR0)i. and the coherent metal by Hussy in 1829 by fusing the an* 
hydrous chlorUle with (M>casaium. 


Occurrence. — Magnesium is >\i<lc]y distributed, occurring as mag- 
nesite MgCOj, fiolomite MgCOj.CaCOj. kiesente MgS 04 ,H, 0 , ibaini’f< 
Mg804,Kj804,MgCl|,r>H.0 and earnalliU KCI.HfgCl,,OHjO. It is also 
containeti in spinel MgAI^O^ and offrtne MgjSlOi ; talc and meerschaum 
are hydrated silicates, ashestas is calcium magnesium sibcate. and other 
common rock 'forming miiieraU containing magnesium silicate are 
and serpentine. All plants and animat tissues contain small 
amounts of magnesium ; it is containctl in ehlorcphgll, tlic green 
CO louring- matter of plants. 


Magnesium. — Metallic magnesium is prepared by the electroly'sis of 
fused magnesium chloride or the fused magnesium cldoride and potas- 
sium chloride obtained by heating carnal lite. The cathode Is the iron 
crucible, the anode is of carbon enclosed in a |K>rcelain tube. The 
chlorine U led off and the metal Doals to tlie surface, being protected 
by a current of hydrogen or coal gas. The electrolysis of magnesium 
oxide dissolved in molten niagnesitim fluoride, and the reduction of the 
oxide by carbon at 2000* have also been used. The semi-fused metal is 
pressed into wire, wliich is then rolled into ribbon. 

Magnesium is si Ivor* white, soft, and very light. It Is stable in dry air 
but soon becomes covered with oxide in moist air. It burns with an 
intense white light when healed in nir. producing the oxide MgO and a 
little n itride MgjK*. 1 1 a Iso c*>nt inues to burn in s u 1 phur va po uf , stea m , 
carbon dioxide, sulphur dioxide, nitric oxide and nitrogen dioxide ; it 
reduces carbon monoxide wfien hc'ate<i. Magnesium reduces sodium 
and potiuwlum oxides on ho4iting. .Magnesium }K)wder mi.xed wit)» 
iiciw<i<*re<l iK)la>«5ium chlorate or barium jvroxide bums explosively 
when kindled, producing a l>li ruling white Husli ; tire mixture is used ui 
photography and for signalling and .^tar-shclb- A mixture of magnesium 
and dry amorphous silica may also be used. 

Although tho metal has « hid. boiling point, fine 
by aublinfatu... i.. a vacuo... tube bolou; 600>. I. |a a 

is oconstiluMil of light alloys. Jlogn«iuin » lucd as a getter 
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vftlvM to remove t>je laet trace of (cae from the bulb : the melal is put on t U« 
filament and volatilised by beat, oondensinp a* a bright mirror on the gliwn. 
{Phosphom is also usc<l ns a *' |reitor.'*J 

Magnesium dUaolves readily in dilute acids, but not in alkalis. Mag* 
neaium powder decomposes hot water and the amalgam decomposes 
cold water. Magnesium precipitates ttlver, copper, lead and mercury 
from solutions of their salts, but reaction is rarely quantiUlive, some 
basic salt being precipitated and hydrogen evolved. 

Magnesium Comtounds 

A white stable magaesluD bydnde is formed on heating magnesium 
Mg(C,H,)..MgH, + 2C,H,, 

Magnesium fluoride MgF, is sparingly soluble ; it cry.‘«talli«cs in the 
tetragonal s^'stem. all the other halides being hexiigoimh 

Hag&ttsiuffl ebloridc MgCI^ is very soluble. It is usually prepared from 
carrujlUU KCl,MgClj,6H,0 which occurs in large quantities in the Staas- 
furt deposits. It fuses at 170^, undergoing dceom|)osition with deposi- 
tion of practically all the potassium chloride, and fused magnesium 
chloride MgCl„6H,0 remains, which crystallises on cooling. The 
crystals are very deliquescent and are used in lubricating cotton thread 
in spinning. ^Iagnc8)um chloride forms hydrates with 12. 8, 6, 4 and 
SH^O. Magnesium salts are very little hydrolysed in solution, sinco 
magnesia is a strong base, but if the crystalline hydrates of magnesium 
chloride arc heated they undergo h)*drolysls ; hydrochloric acid and 
steam arc evolved and macDcsium o^chlsrids Mg|OC1| is left, and on 
strongly heating In air this evolves cAforrnc and leaves the oxide ; 
2Mg|OCl|-^Os-4MgO 42CI,. Anhydrous magnesium chloride is pre- 
pared by heating the hexahydrate in a vacuum or in a current of h^’dro- 
gen chloride. Another method is to add ammonium chloride to the 
solution, evaporate, and heat. The double salt MgCIi.NK^ChGH^O 
which is left on evaporation loses water and the residual MgCl 2 ,NH 4 Cl 
when strongly heated evolves hydrogen chloride and ammonia, leaving 
fused anhydrous magnesium chloride. 

If a concentrated solution of magnesium chloride is mixed with 
luagneeium oxide, the paste soUdiBes to a hard w'hito mass of a hydrated 
ou|n«iium osyeUoridit MgCly.SMtfO. used as a dental filling and os a 
finisli for plaster, since it takes a fine polish. 

Magnesium bromide MgBrt.OH,0 and magpfipmn iodide MgI„gH,0 occur 
m some mineral s|)nng8 end are prepared in the same way as the 
chloride, by dissolving magnesium oxide or carbonate in the aeiib. 

Msgnedun oxide MgO occurs in octahedral crystals as the mineral 
periefoM. It is formed as a white powder by burning the metal in air or 
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oxygen, and by heating the hydroxide^ nitrate, baaic carbonate or 
native carbonate [magntsiU), When prepared by heating the carbonate, 
it is calted calcined magnesia. Two varieties are formed, light and 
heavy, with densities in the ratio 1 : 3*5, from the corresponding car- 
bonates. Magnesium oxide is only very sparingly soluble, but it slowly 
combines with water, forming the hydroxide, and it turns moist red 
litmus paper blue. It fuses only at a very high temperature and is used 
for refractory bricks for furnaces. It is reduced by carbon in the electric 
furnace, forming magnesium carbide. A crystalline oxide is produced 
by heating the powder strongly in a current of hydrogen chloride. 

Magacsiuffl hydroxide hfg(OH), occurs crystalline as the mineral bruciU. 
It is prepared by precipitating a solution of magnesium sulphate or 
chloride with alkali hj'droxide ; the white precipitate (insoluble in 
excess of alkali) is washed and dried at 100^ On tiie large scale it is 
made by precipitating a solution of magnesium chloride with milk of 
lime. 

The solubility of magnesium hydroxide (0-01 gm. per litre of water at 
13®) is reduced by addition of potassium or sodium hydroxide, but 
increased by the addition of ammonia and especially of ammonium 
chloride. This reaction is applied in qualitative analysis, where mag- 
nesium is kept in solution by ammonium chloride whilst the metals of 
the groups III, IV. and V are precipiuted by NH 4 OH, NH 4 HS, and 
(NH 4 ),C 0 ,, respectively. 


The solubility in ammonium aalu may be explained as follows. If ^ 
ammonium salt is brought in conUct with Mg(OH), the OH' iwia of the 
latter are wiUiclrawn to form prarticslly un-ionisod NH.OH, « he ionisation 
of which is still further rwlucwl by the excess of NH** ions of the NH.Ci. 
More Mg(OH). therefore dieeolvee to provide o further 
and the process goes on until the solubility product (Mg ) x [OH J « 
Tsachede Tr if this cannot b© attained . tinlil all the MglOH), is 

pereod., protably MbO.. U obtein^i in on unpore eWto by 
pre^Uting . solution of tho wlphete m.xect » ith hy.iiv.gea 
wdiiin hydroxide. After drying itie UMd «* »n antueptic in tooth-pMtos, 


etc- 


in 


The nomtel carboo-e MgCO, occurs native “ ^ 

larEc amounts in Greece and in other places ; the hydrate MfCO,;3H, 
is fhe rare mineral ne^o.hmiu. This also 

«.l,ition of 20 Ein. of Epsom salt and 14 gm. of sodium bicarbonate i 
1 ml of water The precipitates formed by adding alkali carbona 

...I dHrf .. 100-, .»d . k..™ - 
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magnesia alba ponderosa. Both •re used in medicine, and have approxi- 
mately the formulae MgCO„ Mg(OH), with 3j and 3H,0. respectively. 
Magnesium carbonate U much more easily decomposed by heat than 
calcium carbonate : MgCOj * MgO + CO,- 

If the powdered carbonate or basic salts are suspended in water and a 
current of carbon dioxide is passed in, they dissolve readily, producing 
a solution of magnesium bicarbonate Mg(HCO})9, known ts Jluid inagnesia. 
The basic carbonate is precipitated from it on boiling. 

UagMsiuffi DjthdB Mg»Nt t* a yellow solid obtained by strongly heating 
magnesium in a stainless steel boat in nitrogen or at a lower tcmiwrattire In 
ammorua gas. It is decomposed by water : 

Mg, Ns + 3H,0 = 3MgO + 2NN 

Uagnestuffi nitrsts is formed as deli<|tMacent er\*stals Mg(NO,),.OH,0 by 
evaporating a solution of the oxide or carbonate in dilute nitric acid. It is 
soluble in alcohol. 

Magnesium pbospbidc Mg,Pt is obtained by liealiitg magnesium an<l 
phosphonis ; it is tlecomposed by water with e>'ohition of pliosphlne i 

Mg,P, + 3H,0* 3MgO + 3PH,. 

This is used os a test for phosphates ; tl»e solid is heated with magnesixirn 
powder in an ignition tube, when magnesium phosphide is formed, an<l on 
breathing on the cooled residue a smell of phosphiiio is noticed. 

Tertiary oagBssium phosphate MgslPOflt occurs in bones and in the 
seeds of cereals, and is precipitated from a solution of 20 gm. of Epsont 
salt in a litre of water by a solution of 10*4 gm. of Ka2HP04,l2H|0 and 
4 gm. of NaHCO} in a litre of water. Ordinary sodium phosphate 
Ka,HPO| slowly precipitates nsgoetiumhjdrogsB phosphsts MgHP04.3Ht0, 
slightly soluble in cold water. The seid phospbsts Mg{H2P04)2.2Ht0 
is formed by dissolving magnesium oxide in liot concentrated plios- 
phoric acid. If a solution of a magnesium salt is mixed with solutions 
of ammonium chloride and ammonia and a phospliate added, a crystal- 
line precipitate Is deposited, slowly from dilute solutions but more 
rapidly on stirring or scratching the sides of the beaker with a glass rod, 
or shaking in a stoppered bottle. This is namomum phospbsts 

Mg(NH4)P04.6Ht0, sparingly soluble in water (0*07 gm./Ut. at 15^) 
and leas so in dilute ammonia (0*023 gm./Ut. at 15^ in equal vols. 
0*880 ammonia and water) ; ita formation is a test for a phosphate or 
m^nesium. On heating to dull redness it is converted into magno^um 
ppropboiphau MgjPjO;, in which form magnesium is estimated in 
gravimetric analysis ; 

2Mg{NH4)P04 » MgjPjO, + H,0 + 2NHa. 

Magnesium ammonium phosphate occurs in some urinary calculi. 
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MagD«a\un sulphide ^IgS i$ formed by direct combination of the 
elements ; it is h>*drolysed by water so that alkali sulphides pre- 
cipitate only the hydroxide, but a solution probably containing tnsg* 
nesium bpdiosulphide Mg(HS)t is formed by passing hydrogen sulphide into 
a suspension of t he ox ide in water. It decom poses on wanning » evolTing 
part hydrogen sulphide. 

MsgaesiuiD sulphate occurs native as kiegtriie MgSO^^HsO, practically 
insoluble in cold water but soluble on boiling ; the heptahydratc 
MgSOiJHjO separates on cooling in colourless crystals of Epsom saU, 

Epsom salt is made by dissolving magnesite (native MgCO,) or dolo- 
mite (native MgCO^^CaCO,) in boiling dilute sulphuric acid and filtering 
from calcium sulphate. Iron is separated by boiling with a little pre- 
cipitated magnesium carbonate, and the filtrate on evaporation and 
cooling yields crysuls of Epsom salt. Magnesium sulphate is used as a 
purgative, as a dressing for cotton goods, and in d^’clng with aniline 
colours. 


Hydrates of MgSOt are known a'ith 7 (2 forms). 6. 6, 4, 2 (T). 1|» U 
1H,0 ; at 150* kieaerite (MgS0,.H,0) is ^rmed from Ejwom salt. an<l from 
kieserite at 200^ the anhy d roxis siil (e. The common hydrate MgSO « . 7 H |0 

b isomorphous with ZnS0,.7H,0, but a roonoclinic variety. Uomorphous 
with FeSO^.T H ,0, is knoa-n - When very at rongly heated in air, ma^oe ium 
sulphate clecomposee, leaving the oxide. Double aalu with alkali meUls 
are readily formexl. e.g- >lg^i0,-K,S0,.6H,0 is ochMit. a StiMwfurt mineral, 
which is clep^isitwl from a hot soliiti«»n on cooling (although K,SOg le la« 
soluble). A s<ihition of the anhydrous sulphate in concentrated sulphurtc 
acid de|K«it8 cr)*stal8 of MgtHSO*)!. 

DoubU salts in solution are almost comfdotcly decomposed mto the iingJe 
salts as la shown by the depression of frtcring point. Tliey are » 
distinguished from coioplwt sate such as K,Fe(CN),. which retain thaif 
constitution in solution and ioniss accortlingly : 


K*Fe(CN’), = 4K* + Fs(CN)/'". 

Isomorphous mixtures or mised »7stab. r .g. of FoS0..7H,Oand ^^0,.7H,a 
differ from doxible salts by havmg a vaneblo composition, and the.\ may 
bo represcnteil b>' such formulae as (Fe, Mg)SO,.7HtO. 

Maitnesium is separated from the alkalis by adding bar.vta-we^, 
when^lK(OH)i is precipitalwl. The excess of baryta is 
from the filtrate by saturation with carbon dioxide, when j 

? Wvi^Tthc alkali carbonates in solution. The precipilntc of 

MdcS’), is dissolved iit dilute liydrocl.loric ae.d. and |.ree.p.- 

Uted as MgNH^POi. 


ZiNO 


O- . Pl.to(4008-e.)refe™to<»-,«*afc«m,probably6m«.ana»vof 

cadmia and charcoal. 
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Brass of the period 1500 b.c. conUining 23 per cent of zinc and 10 per 
cent of tin ► wm found at Cczcr in Paleaimo. Dcpoeite of c^Ianiint. nativo 
zinc carbonate, occur in tlw oUl ailvcr mines of Laiirion in Greece. Sfrobo 
<aboutr 7 B.c.) describes tlic preparation of the molal. which he calls mock- 
silver by heating the oxide with coal. Early specimens of zinc include 
bracelets from Eliodes of the 6tli cent. B.c. and pure hammered sheet from 
Athens not later than 230 B.c. The metal was later forgotten in Europe 
but was extracted in India and China. 

The name apeUer is used for tlie metal by Boyle, and Libavius about I COO 
describes zinc, which ho says was a peculiar kind of tincnllcKl caUiem brought 
from the East Indies. The i^al nature of brass was not clear until Knnckcl 
obscrve<l that : calamine allows its mercurial (».e., metallic] part to pass 
into the copper an<l form brass.*' Zinc was identified as the metal from 
blende (ZnS) by Homberg in 1005; theextraction of the metal from cala- 
mine was carried out in Bristol in 1085, tixe zinc being export^ to Sweden ; 
after experiments by Isaac Lawton in 1720. zinc was made in Bristol from 
1743 by John Champion. 


OccurrsttCB.— Zinc occurs sa frfem/e {sphaltriU in the U.S.A.) ZnS, 
usually coloured yellow or brown by iron ('* black-jack *' of the miners) 
and possessing a characteristic resinous lustre. It is found in England, 
in many parts of Europe and America, in Rhodesin, Burma and New 
South Wales. The carbonate occurs as calamine (smtrAsonife in the 
U.S.A.) ZnCOj. EU<tnc eahmine or hfmimorphiU {caUimine in the 
U.S.A.) is a silicate Zn^i 04 .H, 0 . T)>e anh>'droutf silicate is icilUmitt, 
which is used in making fluorescent screens for X*raya and a-rays. 

Zinc oxide, zinetfe or red zinc ore, ZnO is rare, but zinc ferrite 
2n(reOt)t or Zn0,Fe|0, forms the important franktiniU deposit of 
Franklin Furnace, New Jersey, mostly worked for zinc oxide and the 
manganese it contains. The New South Wales ore contains galena and 
is first concentrated " by flotation <p. 6). Certain varieties of 
pyrites, t.g. Westphalian, contain zinc sulphide. Tracea of zinc occur 
as an organic compound in animal cells and in snake venom (0*U- 
0*5S per cent). 


Metallurgy.— Zinc is a volatile metal and can be distilled. In 1807 
zinc smelting was begun at Liege in Belgium and later on spread to 
Silesia. These two processes are still in use and are called the Belgian 
jTTocess and the iStVesian ppocess, respectively. 

The blende is first roasted and the sulphur dioxide produced may be 
used to make sulphuric acid . External heating has to be used . the blende 
being raked In a series of muffles through which air circulates, or on a 
furnace hearth. Care must be taken that only zinc oxide is produced : 

2ZnS -I- 30| -2ZnO -i- 280,, 

since the sulpliate U \*ery stable and if foitoed w'ould give sulphide in 
the subsequent reduction, leading to con^erable loss. Some suipbate 
is always formed but is decomposed at the high temperature used. 
The roasted ore is next mixed with half its weight of powdered coal and 
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The Belgian retorts consUt of 5ra*clay tubes closed at one end and sot in a 
furnace, sloping towards the open end. An iron tube (called a " prolong '*) 
is lute<l into the open end with clay and serves to condense the zinc. The 
Nilesian retorts {Fig. 370) are lire*cUy muAles, to which a hre>c lay condenser 



tube and an iron alr>cooled prolong are luted. The newer Deign. 
Silesian furnaces employ three rows of muffles, one above the other, the 
lower roa* sup]>orte<l along their length on the hearth and the two up{>er 
rows only at the emit. They are nre<i with gas. In all cases 10-25 per cent 
of the zinc is lost, about half in the ash and half as vapour, and a consider* 
able proportion of the metal is obtained in the ftirm of a powder mixed with 
oxhle known ss zinc dnct. Contimious vertical furnaces are also used and 
sometitnes the poor*grade oxidised ores are roasted to form zinc oxide fume 
which is collected and then reduced in retoru. 


Commercial tine is called ipeUtr and contain.^ about 07-98 per cent ci 
zinc, 1-3 j>cf cent of lead, up to 01 per cent of iron, more rarely cad- 
mi urn a nd some araeruc. Pure z inc is prc|>8red by elect roly sis of a it acid 
solution of pure zinc sulphate with a high current tiensilv. It is essential 
that tlie eicctrolytc shall be free from cobalt. Indium is recovered a.s a 
by-product from some ores. The olectrol>1e may be f>rcpared from 
roasted blende, dissolved in dilute sulphuric acid, followed by punhea* 
tion of the solution, iron, aluminium, arsenic, antimony, and aibca being 
precipitated by milk of lime, and cop|)ef and cadmium by zme dust. 

Vsrv pure zinc <9999 |*er cent) is made by rertilication dislillotion. 
Tl^e main impuritie« are iit>n (b. pt. 2800 ). lead <b. pt- 1020^) and cadmium 
(b pt 707“)* The cadmium can be completely vaiM>rise<l below tl»e boiling 
point of zinc (905^). M<dtcn zinc is M into a column hca^l ^ 

Lilina point, when most of the zinc and all the cadmium distil aiul sro con* 
de^ ^he iron and lea<l collcctiug in the moUl flowing fp.m the of 
the column- The molteti zinc-ca^lmium alloy is similarly troaleji m 
l^nd Xmn. when cadmium dist.U and pure zinc flows from the bsae of 

the column. 

Top use in the laboratory zinc is graniiUted by melting Jn a 

onH nourinff into a bucket of water- Zme foil or sheet is pie 
5;“r:d b "iung ‘he mc.al ... when it become, .ofl, and 

rolling it. 
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but th« good kinds may contain over 90 per cent of metallic zinc. Zinc 
nitride may be preeenl. Zinc oxide may bo removed by washing with very 
dilute hydrochloric acid» water and aJcohol, end drying. 

Properties.— Zinc is crj'stallinc (hejragonal). moderately herd and 
brittle, and has a faluieh-whitc colour. Ita vapour density corresponds 
with the formula Zn. It readily burns in air when the turnings ore 
heated in a flame, or the metal is heated strongly in a crucible, producing 
a white cloud of oxide which settles out in the form of woolly flocks. 
These were called “ Philosophers* wool or pompholyx. by the 

alchemists. A tassel of thin sheet zinc tipped with a little burning 
sulphur burns brilliantly in oxygen. The metal oxidises in moist air 
forming a greyish* white crust of the basic carbonate, and is attacked 
and dissolved by soft water, especially that containing peat acids, or 
sea water. The tinco -solvency of water is reduced by sunding over 
limestone. 

Zinc is more resistant to moist air than iron, and is used as a pro- 
tection for this metal. The iron sheets or wire arc cleaned by a sand- 
blast and '‘pickling ’* in dilute hydrochloric acid, and are dipped into 
molten zinc w'hen an adherent coating of the latter is formra. This 

f rocess is known as galvaniaing and the product as pafix>7u>cd iron, 
ron articles may also be coated with zinc by spraying or by heating 
them in zinc dust (sAerardisin^). The zinc dissolves before iron in 
presence of oxygen and moisture, since it is more electropositive than 
iron. The metal is also used for the negative electrodes of voltaic celb. 

Zinc dissolves in dilute acids evolving hvdrogcn (except with nitric 
acid) and producing zinc salts containing the cation Zn". It also dis. 
solves readily in hot solutions of potassium or sodium hydroxides 
(magnesium is insoluble), evolving hydrogen and forming solutions of 
DscAtM (the solid zincates KayZn0,,4H|0 and NaHZn02>3H|0 are 
described): Zn+2KOH-K,ZnO, + H,. 

Ordinary zinc dissolves readily in dilute acid, whereas some varieties of 
very pure metal dissolve slowly unless a few drope of copper sulphate or 
platinic chloride solution are added. Metallic cop]>er or platinum is pre- 
cipitated on the zinc and forma a galvanic couple, from the insoluble part 
of which hydrogen Is readily evolved. Sturgeon (1830) found that the 
amalgamated metal is hardly attacked by acids ; the commercial varieties 
are more resistant when amalgamated tlian the amalgamated ptire metal 
(J. N. Friend, 1929). 

Brass. — Copper and zinc form two definite compounds OuiZn^ and 
(probably) CuZn, and also two types of solid solutions called a- and 
9-brass. The brasses are of two main types : (1) those with more than 
64 per cent of copper, which are homogeneous a-solutions ; (2) those 
with 55-64 per cent of copper, composed of «• and ^‘Solutions. Brasses 
of 70 copper -t- 30 zinc typify (1) and those of 60 copper -f 40 zinc 
typify (2). 
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The effect of adding zinc to copper ia to increase progressively the 
strength » tonghucsss and hardness of the alloy up to 36 per cent of zinc» 
after whicli the increase in strength is more marked. Zinc mixes when 
fused with tin» copper and antimony in all proportions, but is only 
partially miscible with lead and bismuth. 

Gilding metal (3-dZn}. rombuc (goid colour : IO-l8Zn}. pinchbetk (dark 
gold colour, 7-1 1 Zn) are low in zinc. Citrtrid^ bm$i is 70Cu -f 30Zn. cetmAon 
for sheets is 2Cii to iZn. All a •brasses are dxictile and can bo worked 
cold : tin. lead and aluminiiim are often added for special purpossa. t.g. 
for condenser tubes the alloy contains 29Zn and ISn. The usual caeling 
br/i$f contains 37Zn, ?Pb and 1 8n. Muutz meUil contains 60-02 Cu and 
40-38 Zn. Brass witli 1*$ to 2 per cent of load machines better ■, for free 
turning qualities 2 to 3 per cent may be present. MangMiesc is added to 
GO : 40 brass to increase the strength but often only traces are present in 
uuitig/me^e bronze. A brass containing 2 per cent of manganese takes a dark 
brown or chocolate colour when extrtidc<l hot. <hie to a film of oxide, an<l is 
used for window •frames. Aich iifeUtl is 60(^l, 3Ke, and 38Zn ; Stem tnefal 
contains more iron. High tensile brasses contain nickel in place of copper, 
e.g. 50Cu, 45Zn ami 5Xi. If llie zinc is kept at 45, the lensilo strength 
increases up to 12 per cent Xi. Alloys with 45 each of copper and zinc and 
10 of nickel are white (nrcAyl bniscre) and can bo worked hot. 


7AVC Cotporxns 

WhiU solid zinc hydride. ZnH„ is formed by the action of lithium 
aluminium hydride (p. 80 i) on zinc methyl : 

LiAlH* 4 ZnlCHj)* - ZnH, + LiAKCHjljH,. 

Anh>'drousziDcchlonds ZnCIt.t soft white solid (m. pt. 365*. b, pt. 730*) 
subliming at a red heat in white needles, is formed by pas<?ing chlorine 
or hydrogen chloride over heated zinc or by distilling the meUi with 


mercuric chloride : HgClj + Zn » Hg 4 ZnClj. 

Chlorine decompose* zinc oxide at a dull red-heat forming the chloride 

with evolution of oxvgen. Zinc chloride wlulion 1* formed by disMlvmg 

zinc or its oxide or basic carbonate in hydroclilonc acid. On evaporation 

a sVTuny liquid Uobuined ; if a little concentrated hydroclilonc aeid is 

add^'smlll deliquescent crystal* of ZnCl..H.O 

aqueous aolution is evaporated to dryness. ^ o^hJond« Zn OH C 

and Zn,OCl, are formed to some extent, but if tlie ^y mas* 

at a red heat the anhydrous chloride paavs over. 

current of hydrochloric acid gas the fused salt is obMin^ and m > 

cast into sticks. Zinc chloride is very deli.iucsccnt and is soluble 

water, alcohol, ether, acetone and pyndinc. 

An oxychloride ZniOHlCl or Zn.(K-|. is proa.icc by ^ 

1 ,innoftliccliloridewilhzincoxi<lean<lsi-(srapi<IIytoavcr> bo 

T f, lento Xg. Conccntrousl zinc cl.lori.ie solution le us^ f" 
prevenl its .Ivstn.c-lion by micre-orgonisms ( ■ r> 
r-Tond « rel!t;;.ic % .lissoh*. proleinsl. In .imber-preserving xmc 
cblori ilo is being rcpl»ee,l by s.-lium fl-i-r-le. 
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A solution of zinc chlorido is itscd as a Dux in soldcrinf?. On heating it 
liberates hydrochloric acid, wliich dissolves metallic oxides and keeps 
the metal surface clean. Zinc chloride is used, like magnesium chloride, 
for “ filling iveightlng) cotton goods. The compound ZnClji^NH^ 
is formed as crystals in L^lanche lotteries, and zinc chloride absorbs 
ammonia gas to form ZnCI,,4NH,. These are hydrolysed by water, 
with deposition of white oxychlorides which dissolve in dilute hydro* 
chloric acid. 


Zific bromido ZnBr» (m. pi. 390*) and dae iodidt Znl, (m. pt. 460*) aro 
fomed from the elements in presence of nnter. Zise fiuorids ZnF,,4H|0 is 
sparingly soluble. 


Ziac oiide ZnO is formed by burning zinc va)>our in air : it is called 
zinc white and is used as a pigment. It U prepared for pharmaceutical 
purposes by precipitating a solution of zinc sulphate with sodium car- 
bonate and heating the basic carbonate. It is a white powder which 
becomes 8ul]>hur-yellow on heating, the colour disappearing on cooling. 
A crystalline oxide is formed by the action of steam on zinc at a red heat. 
Zinc oxide sublimes appreciably at 1400*. It is reduced by dry hydrogen 
above 450*. Zinc oxide dissolves readily in aeids producing zinc salts, 
and in alkalis forming ziacofes. It is therefore an amphoteric oxide 
(p. 811). 

I. 

Zinc oxide is used as a [>igniont. as an absorbent in surgical dressing, as a 
** miing for rubber, and in the preparation of ffiiiman'e Qrcen, which Is 
obtained by heating zinc oxide with a solution of cobalt nitrate and is cobalt 
zincate CoZnO| in solicl solution in zinc oxide. The formation of this groen 
substance is the basis of the blou*{N|)e (eat for zinc. 


Zioe hydrosde Zn(OH)t is formed as a w'hite flocculcnt preci))itate on 
adding alkali liydroxide or ammonia to a solution of a zinc salt. Am- 
monia does not precipitate zinc in presence of ammonium ciiloride, 
Crystals are obtained by allowing a zinc plate and iron turnings to 
stand in concentrated ammonia. It can be dried at 85* but loses water 
at higher temperatures. Zinc h^-droxide is practically insoluble in water, 
but the precipitate U readily soluble in excess of alkali, forming a 
solution of a zincate. Ammonia also dissolves it. forming a complex 
hydroxide : Zn(NH,),(OH)... Zn(NH,l,- +20H-. 

By the action of cooled 30 per cent hydrogen peroxide on zinc oxide, a 
white or yellow powder is obtained, whkh is believed to be a hydrated 
tiac peroxide ZnO,.Aq. It is used in surgery and dermatology. 

Zinc and zinc oxide dissolve in water containing carbon dioxide. 
Sodium carbonate or bicarbonate precipitates white sme esrbenate from 
a solution of a zinc salt ; on sUnding under the mother liquor the 
amorphous precipitate forms ZnCOa.H,0. On washing, this forms the 
basic carbonate 22nC0,.32n{0H)„H,0. The precipitate of zinc 
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carbonate is soluble in concentrated potassium carbonate solution but 
is preci pit ated on d Hut ion . A cry stalli ne carbonate is formed by heating 
zinc sulphate solution with sodium bicarbonate in a sealed tube at 
160^. When boiled with sodium carbonate solution » zinc carbonate or 
basic carbonates form zinc o.xide. Zinc carbonate begins to decompose 
at 140® and decomposition is rapid at 300® : ZnCOj * ZnO + CO,. 

ZiDc nitrate ZnlN03),.4H,0 is obtained by dissolving the metal, oxklc 
or carbonate in dilute nitric acid and crystallising. It is deliquescent 
and is soluble in alcohol. The anhydrous nitrate is formed by lieating 
the hydrate at 130®-135® in a current of carbon dioxide and NjOj 
vapour : it decomposes at 140®. 

The action of nitric acid on sine is complex ; with concentrated acid 
nitrogen peroxide is evolved, with diluted acid» nitric oxide : 


Zn + 4HNO* =Zn(NOdi 3NO, +2H,0. 

3Zn ^ 8HKO, »32n(NO,)t ♦ 2^0 + 4H,0, 

whilst with very dilute acUl nitrous oxide may be evolved and the acid iS 
also reduced to ammonia : 

4Zn ^ lOHNO,- 4Zn(NO,), + N,0 + 6H,0. 

4Zn+ lOHXO, *42n(NO>)» + XH4XO, +3H,0. 

Ammonia and a sohition of zinc ethyl in dry other give doc amide 

Zn(NH.). : z..(C.H.). .2XH, =Zn(NH.). +2C.H., 

and on heating to dull redneaa this forms sioc rntrids Zn,N, r 

3Zn(XH,), «Zn,X4 f 4XH,. ^ ^ . 

a grey or green powder vigorwisly decomposed by water (Frankland, 18581 . 

Zn,X, + 3H,0 =3ZnO 4* 2XH,. 

ZiDO phMpbid. Zr..P, i. a srey «)liJ formed by h<»tin« *inc »nd pl.«- 
phorus s it evolves phosphine with aci<la. 

Zinc phoepbet. /5ii,{P0.),.4H,0 is obtainsd by heating » 
xinc sulphate and Na.HPO,. in the form of pearly acal^ 
water and dilute acids. On healing it forms the .nf.is.ble “"Mje 
sair ZiM «aacaiua pho»pbi« Zn(NH.)PO. is prec.piUted from neutral 

solutions of ainc salt.s by ammonium phosphate (e/. Mg) : 

ZnCI, + (NH,),HPO. - ZulNH.lPO. +NH4CI + HCl, 

it forms white rinc pyropbospbate. Zn,P,0, . 

^ZnlNHjlPO, - Zn,P,0, + 2NH, + H,0. 

A mixture of tine oxide and phosphorie acid, forming bas.e tme 
phosphaU, is used as a denUl eement. 
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2i« idphide ZnS occtifs in cubic cr^'^tab as bUndt and more rarely 
in hexagonal crystals as ituriiiU. Wurtsite may be formed from sine 
vapour and hydrogen sulphide. An artiiieia) phosphorescent sulphide 
(Sidot'a Wends) formed on heating the precipitated sulphide to whiteness 
in a covered crucible is used in making fluorescent screens for X*ray 
and radioactivity work. Perfectly pure sine sulphide is not fluorescent. 
Massive sine and sulphur do not react easily on heating, but the mixed 
powders react with incandescence w hen heated and the mixture may 
detonate on percussion. Zinc sulphide is easily obtained by heating 
2inc oxide with sulphur, or as a white preeipltate on adding ammonium 
sulphide to a solution of a zinc salt ; it U insoluble in excess of reagent 
but dissolves in all dilute mineral acids, but not in acetic acid (c/. Mn8). 


If hydrogen sulphide is passed into a solution of zinc sulphate, zinc 
sulphide is at flrst precipitated but owing to the acid formed the 
precipitation soon ceases : 

Zn •l•H^<aZllS+'2H^ 

If sodium acetate is added to the solution, the concentration of hydro* 
gen ions is kept low by the formation of the very weak acetic acid : 

If nickel and cobalt are present, they are precipitated only after all the 
sine is precipitated. 

The best conditions for precipitation of zinc sulphide arc at 50^-100* 
in a solution buflered to pfi 2 to 3 by ammonium sulphate and formate 
and formic acid. 


Two raodifleations of zinc sulphide are precipif ated, one (tt*ZnS) in acid 
solution and another (^'ZnS) in alkaline sohition. the second form imviiig 
five times the solubility of the first. In arid solutions the precipitation of 
zinc sulpliide shows a period of induction, w*hich is longer Uie more acid is 
theaolution. In some case* no precipitate it formed, although zinc sulphide 
is almost insoluble in the strength of acid used. Other sniphidee. t.g. CuS 
and CdS, bring about simultaneous precipitation of the zinc sulphide. 

Zinc dissolves in sulphurous acid solution to form ziac hyposulphite 
bydrosulphitc *') ZnS204 which is a powerful reducing agent : 

Zn'i- 2 S 02 -ZnS, 04 . 

Zinc suiphsU ZnSOi.THiO. isomorphous with Epsom salt, is called 
U’Ajfe vitrid. It is very soluble in water. It is the commonest salt of 
zinc and is prepared by dUsohing the metal, oxide or carbonate in dilute 
sulphuric acid, evaporating, and crystallising below 30^. Above 39^ 
ZnS04,6H20 is deposited. On heating ZnS04,7Hj0 at 100® ZnSO^.H^O 
is left, and at 280", or low er in a current of dry air, anhydrous ZrxSO* is 
formed. When heated above 767" sulphur trioxide U evolved and 
ainc oxide remains : ZnSO* * ZnO + SO,. Double salts of zinc sulphate, 
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e-<?- K jS O4 .ZnSO^ »6 H.O . arc caaily prepared. A di) ute solution of white 
vitriol is used as an eye lotion, and zinc sulphate is used in the i&anufac< 
ture of iithopone (p. 707). 

Ammine cozopouads :*imilar to (hose of copper ire formed with zinc salts 
e.ff. Zn(NH,),aj.H.O, Zn(XH,hS0*,H,0, Zn(XHjhSO,. etc. 

The atomic weight of zinc was iletermined by precipitating pure zinc 
bromide with silver nitrate. 

Pbosphoresceoee.— Reference has been made to the phosphorescence 
of calcium sulphide and nitrate, and of barium and zinc sulphides, i.e. 
the pro|>erty w hich these materials possess of shining after exposure to 
ligitt, especially sunlight. This is used in the preparation of lutntTious 
paint. Pure compounds do not phosphoresce ; the property is due to 
traces of heavy metals such as bismuth, lead, copper, molybdenum, 
tungsten, uranium, etc. Phosphorescent calcium sulphide is obtained 
by heating a mixture of 100 parts of calcium carbonate with 30 parts of 
powdere<l su]]>hur for an hour to dull redness in a closed crucible. The 
mass is cooIhI, and trituratecl with alcohol to w'hieh sufficient bismuth 
nitrate is added to give I part of bismuth to 10,000 of calcium sulphide. 
The mass is dried in the air and lies ted to dull redness for two hours. 
It is then slowly cooled. 

Other pliosphorewenl irtaasee are pre|iared by haoling the mixtures A 
l>eluw, powdering the iircnhict. moistening with the nohuions B, and r»> 
heating (all weights in grwms) : 

1. I'rcrfri Uohl i A : CeO (pow<lef> 20. S 0. starch 2, Xa,SO, 0 5, KjSO, 
0 5 /S • 2 ml. of 0 5 |>ercent Bi(XO,h solution + 0 5 ml. of tupiefliis TJ,S0». 

2. Dttp blue Hifhl ■. A : CaO 20. |ta(OHh 20. S 0, K,SO, I, Xs.SO, 1. 
LisCO) 2. sturclx 2. fl : 2 ml. of 0 5 [ter cent alcoholic lh{XO|h solution + 2 
ml. of I per cent RbKO, solution. 

3. Bright green light : A : SKX), 40. S 0. Li, CO, I, As,S, 1. R : 2 ml. of 

0 5 per cent TlXO, solution. ^ 

4. Deep orange^red light : A (only) : UaCO, 40. S 0, LifiO, 1. Rb,CO, 0 47. 

5. Oolden ifellow light (unusual) : UnCO, 25, Sr(OH), 15. S 10, starch 3. 
Li ,80, 1. MgO 1. TMSO*), 2 ml. of 0 5 per cent sohilion, Cti.SO, 3 ml. of 
0*4 |»er cent solution. Heat 40 mimilea. 


CaDUII'M 

\ eiiecitneix »)f zinc oxide which Imd a >*01 low* colour, allliough 
free fron/irc;ii. wm foomi by Sdtwnc)^ in I HI 7 to contain tlio ^ 

new metal to which he gave the name ca<lmium. from cadmtn. the ol<l Mine 
for zinc ore (c«SM»i«, In UioskouricJwK 

Occunence.— Most zinc ores contain .-xmall amounts of caclmnim, 
mav contain 2-3 \»tcent of cadmium and calammo up to 0 J^r 

U mo^ vola.ilc timn .inc. 

« t^XZrpoW* of Ih. mc-taU in tt.. zinc pro..,. .Iccrc,^ r^mp 
Hence ti.c fir.. ,-.r.ions of <ln.. cnllcC.np .n .he re- 
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ceivers of zinc furnaces in which ores containing cadmium arc reduced 
contain most of the cadmium in the form of brown oxide CdO, mixed 
with zinc oxide. Tlic dust is heated strongly witii coal in retorts having 
long sheet'iron tubes as adapters. Tlic distillate may contain 20 i>cr 
cent or more of cadmium oxide and is distilled with charcoal in small 
iron or clay retorts to give the metal. In America much cadmium is 
extracted from the fumes from lead an<] copper furnaces, and some from 
the solutions used in making electrolytic zinc, from which it is precipi* 
tated by sine. 

Cadmium is a soft bluish- white metal of low melting |K>int ; it "cries” 
like tin when bent. The vapour density corresponds with the formula 
Cd. It is slowly oxidised in air. forming a protective coating, and very 
thin deposits of plating are used to protect iron and steel from rust. 
They may be heat-treated to form an alloy with the iron. Cadmium is a 
constituent of some fusible alloys (p. $73). A small amount of cadmium 
is alloyed u'ith copper for electricity transmission wires ; it la added in 
small amounts to aluminium for casting and is also added to silver to 
decrease staining. It is u$e<) in antifriction alloys and in solders in place 
ot tin. Cadmium amalgAm, formerly used for dental li)Ungs» forms 
the cathode in the Weston standard cell. 

Cadmium dissolves slowly in dilute hydrocldoric and sulphuric acids 
and easily in dilute iiitric acid, forming colourless salts, wliich arc 
poisonous. Csdfflium chlohde 2CdCls,5HtO is efflorescent and is not hydro- 
lysed by water. The halogen salts arc all soluble in water but are only 
feebly ionised, forming complex ions in whieli tlie metal exists in the 
negative ion ; 2CdI,^Cd[C<lI.l ^Cd - ^Cdl.". 

Insoluble cadmium salts, €.g. CdS. therefore readily dissolve in a solution 
of potassium iodide, since practically all the cadmium ions arc remo\'od 
os complex ions or un-ionisctl salt and the solubility product of the 
cadmium salt is not exceeded : 


Cd(OH), + 2r -CdI,.^20H'. 

If a concentrated solution of {wtossium iodide is added to an ammoniacal 
solution of a cadmium salt, a white precipitate of Cd(NH,)jI, is 
formed. Copper salts give no precipitate. Cadmium iodide is used in 
photography. 

The bro>Mi ra^miiim oxide CdO is formed by burning cadmium in air, 
or by heating the hydroxide, carbonate or nitrate. White cadmium 
hydroxidi Cd(OH), is precipitate by alkali hydroxide from a solution 
of cadmium nitrate or sulphate; it is insoluble in excess but dis- 
solves in ammonia forming a complex h^’droxide Cd(NH,) 4 (OH),. 

Cadmium hydroxide attracts carbon dioxide from the air and cuiimun 
caiboasu CdCO, is precipiuied by adding excess of ammonium carbonate 
to a solution of cadmium chloride, then just enough ammonia to dissolve 
the precipiute and heating on the water bath. The white precipitate 
termed by alkali carbonates from solutions of cadmium salu contains 
Bome hydroxide. 

Csdauum eysaids Cd(CN)j readily forms a soluble complex salt with 
potassium cyanide, but the complex ion is so much ionised that a 
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precipitate of cadmium sulphide is formed in the ammoniacal solution 
by hydrogen sulphide (c/. copper, p. 727) : 

Cd(CN), + 2KCX « K,Cd(CN)4 -2K* +Cd(CN)4" 
Cd(CN)/‘^Cd+4CN\ 

C&dmiuffi xiilrau Cd(N0})|,4H20 is deliquescent and is soluble in 
alcohol. 

Cuiffijum sulphide CdS is obtained as a bri|sht •yellow precipitate (used 
by artists untler the name of C4i4mium] by passing hydrogen sulphide 
into a solution of a cadmium salt which is not too strongly acid. It 
crystallises in forms which may be either yellow or red. In more acid 
solutions a red form is precipitated — perhaps only because the particles 
are larger. If the add concentration exceed I *3 normal the sulphide is 
not precipitated : 

+CdS04 5^ CdS + HjSO^. 

According to Treadwell, a double salt, e.fj. Cd^CltS. is always present it) 
the precipitate. Cadmium sulphide is insoluble in ammonium sulphide 
but is soluble in boiling dilute sulphuric acid. 

CidzniuB lulphate SCdSO^.HH^O U formed in large crystals by the 
spontaneous cvajxiration of a solution of cadmium or cadmium oxide in 
dilute sulphuric acid. It U used in the solution ut the Weston cell. 


ThesO'Called cadmous compounds, Cd|0, CdCI, are probably mixtures 
of bivalent cMimlum eom^mimds an<l linely*div$de<| metallic cadmium. 


Mbrccry 

History. — Metallic mercury is mentioned by Aristotle and Thoophrastos 
as " liquid eilver '* and Dioekouricles calb it silver water or hytrargyros. 
winch Pliny celb hydr4trrfyrum (the origin of the symbol Hg|. The nsine 
** C|uicksi]ver *' (ortTen/um deum) ie also U5e<l by Pliny. In the Roman 
|)eriod the metel whs ma<le. os at preecnl, by roasting the native sulphide 
from Spain, which was also a^l as a red pigment. 

Metallurgy. — Small quantities of mercury occur native or as amalgams 
and halogen compounds, but the only important ore is cinnabar, mer- 
curie sulphide HgS. a red or black mineral found in Almaden (Spain), 
Idria, Monte Amiata (Italy), and in smaller amounts in Peru, CalifomU, 
Mexico, China, and Japan. In the extraction of the metal the cinnabar 
is roasted in a current of air : 

HgS + Oj-Hg+SOj. 

Mercurv undergoes only slow oxidation in air at 300® ; it wsa used in 
Lavoisier’s famous experiment (p. 33) to extract the oxygen from air. 
the resulting mercuric oxide being decom|)oscd at a higher temperature 
into mercury and oxygen ; 

2Hg + 0,sa2Hg0. 

In the preparation by roasting cinnabar in air, the mercury vapour 
carried on with the gas is condensed by cooling, 
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In modem works the lump ore i 5 mixnl witli fuel And fed to the top 
of a shaft furnace (Fig. 371) and the mercury vapour is condensed 
in cooled Y'Shaped 0^4 
tubes. Powdered **‘"’"7;% i _i 


ore is roasted in a 
vertical sliaft with 
inclined shelves 
sloping alternately 
in opposite direc* 
tions, flames and 
heated air passing 
u])\>'ardfi over the 
ore, and the mercury 
vapour is condensed 
in 

and flues. 


Hg »opouf a 


brick chaml)er 8 



Watrt ffu 




Atrtvff 


In the older pro* 
csss of extraetion. 
now used only at 
Almaden. the ore is 371.— Mwury sliaft furnace. 

ronateil in a aim ft hy a lire, and t)»e vnjvHira paaa through oj>eninga into 
soriea of atoiioware udetU arrange*! lirat in a <lwteent!jrig and then in an 
ascending position on brickan hea- TJio con<len«y| inen nry flima fMin thft<o 

f iiilo A cimmtel and then into mlem*. The motid 
H exported in iron bcitlks holding iilxuit 75 lb. 

Tlie old )>roeeaseH in which cinnalmr was dis* 
tiMe<i with lime or in>n tilings are in uae only for 
very Hcli ore : 

4HgS + 4CaO * 4Hg 4 3CuS 4 CaSO* 
HgS4Fe = Hg + FeS. 

The uses of mefcur>* have dimlnialieri, It hns 
been reploccil by silvering in making niirrors. and 
the ainalgainnihkn method for (he extraction of 
gohi otmI silver is l)cing disj>laec<l by the cyanitlo 
proewses. Its other uses (p. 7$8) rectuire only 
small omouiits. A curiosity U the use of nn 
artifleial ra<lio(iciivo isotope mode from gold in 
some fluorescent lam|>a. 

Commercial mercury contains lead ond some- 
time zinc, tin and bismtith : It loaves a 
“ tail *’ wlien it runs over glass and forms 
a black scum when shaken with air. It is 
purified by running it several times in a fine 
acid through A column of 5 per cent nitric 

(whirK . ® some mercurous nilratc (Fig. 372). when the lead. etc. 

(wnicb aro more easdy oxidised than mercury) dissolve in tlie acid. 


Tro. 372.— TSirification 
of inBrcury. 
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It may also be sliaken with a concentrated solution of potassium per- 
manganate in sulphuric acid containing a little ferric chloride. 


SciM 





AtlfM 


Fia. 373. — MercuiystiU. 


4 4 

containing a little ferric chloride. 
The mercury is then distilled in a 
vacuum with a still surface, as if it 
bumps '' impurities are carried over 
(Fig. 373). 

Properties. — Jlercury is a silver* white 
liquid metal of high density (13*5955 
at O’) which freezes to a malleable solid 
in sobd carbon dioxide and ether. It 
boils at 357^ and the vapour is mona* 
tomic (see p. 1 10). The metal has only 
a small vapour pressure at room tem- 
perature (<0*0002 mm, at 0®, 0*008 
mm. at 40®. 0*270 mm. at 100®) and in 
laboratory air it is covered with a him 
so that it is practically nonvolatile. 
The vapour may be scon rising from 
warm mercury by its fluorescence in 
ultra. violet light, and as it is very poisonous mercury should never be 
heated in an open vessel in the laboratory, 

Mercury is used in making thermometers and barometem, mercury 
vapour lamfw, and amalgams : its compounds (especially mercuric 
oxide and mercurous an<l mercuric chlorides) arc used in medicine, and 
the fulminate U used in detonators. 

Mercury is transparent in very thin films, and transmits blue light. 

When tritumiecl with fats and |Kiwder* such as cl is Ik op sugar, meretipy 
U cllvitled into very minute globule* (0*002 mm.) and such grey preparations 
ar© used In meeJicine. A bfoa*n colloidal aohiticm Is formed by reducing 
mercurous nitrate by stannous nitroto iu presenco (*f amm<mlum eUrate. 

Mercury forms amalgams with most metals and these often contain 
definite compounds : iron is amalgamated with difficulty, by grinding 
iron nowder with water and mercuric chloride. Copper amalgam be- 
comes plastic when warmed at 100® and rubbed in a morUr ; >^harde^ 
again after a few hour* and » used in filling teeth. m « ver 

nitrate solution forms a trce-like grou’th [arbor Dmmt) of sil'er 
amalgam. Mercury easily whitens gold and copper. 

Mercury combine* with oxygen and sulphur when heat^, vy^h 
chlorine at the ordinary temperature, and with lo^ne on 

mortar; withexcessofmcrcurygrccnmercurousiodidoi* formed. 

excess of iodine red mercuric iodide. The meUl is not 

hydrochloric acid in absence of air nor by cold 

dilute sulphuKc acid. Hot concentrated sulphuric acid coni-erU 
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m^reuric 8«l|ihatc. Mmiiry cli>M>lvrs in .litiilo aiai romrnt rated 
nitric ackl. forming mrmiroiH uh«l inm iirU* mfral<s. r<H|K*Hivrly. 

Mt^rcury forms two «nes of coropouods. Ilio iwrcurotts ami tin* mercuric 
compotimls. In the nuTiun'us ccmiiK'mKl> H^X it a|»|Nirrntly 
univalent but thov }m»lK\blv Imvi' tliv eloiibkd fc.rninlav H«.^X. «n'i 
conUin the hi valent ^'ronj. - tiuTcury is bivalent . 

The rttcreurU* ccmuHnimU H;:X, rtmtaiu bivnlent incrmry — H>r— . 

The votwiimtiirti *•( lb'* inercnn.us has Imnmi the lAt'yri of 

several exi>eriinoiits. H. H. Ihiker f.MUul tUt che vii|H*ur drhMty of nm- 
fnll y ( I r'wi I inenni h ms rbh iri • le •m -xi m >w Is w it I » 1 1 le r h *i il tU'* I f< m i >i il a 1 1 n ,< I f . 
which wusnhio founa by I'ecktiumu rr.Hii iIk* i>«.ii.t of n >-ihiljoii of 

mervunuis cbUiriae in fusisl MM-r*‘iirk‘ elih.riae. OtiU. tr.mi physico. 
chomiciil nmNiaemllMhs. nauliuh*-! lb«t tlw- ll.er.•u^mH ioji luts the 

formula H|2t >1 
The vapour aeusUy of niulruHl lMen*^l^>us Hilorule inwsjMMuU with 

the forimila Init Hams ujul Victor Meyer |IX1M| that tbo 

vapour is .IU«K MitiHl : lltf.l'l, • HtfCI,- If ll«‘ vn|>oiir is coiUamid 

ih n I )t in a 1 * eart hen wn n* t ii I «*. 1 uen ury * lifIuM*» • a M «i u I vi an lea xos j r 1 uh a a lU'S , 
whilst the resiaue In IIk* tiilM* contains an cmssss of Hiri'l,. If U'^hl leaf is 
intrachiccil iato the va|smr. it w nriwItfanMitea by !!«• Inv riicnury. Sails 
nf mercury ilo not react witb ftohl. 


MKIU t'KOt '* C'oMIHM Sns 

«ercuMu» auoridt Hu,F, m n ydlow cryMiillinc solul. soluble in water, 
fomieil by aiss»‘lviai» inonainaw cnrIaauUe in Iiyaf«»lhi<a*ic achl. 

UBTCuroua chloride iweiifs native as horn 4fnirkxthrr^ It »s 

formed by the uctinn t‘f elilorint* oti ex<x**s <»f memiry and us a wbltv 
precipitate on a< blit ion of Uyana-bloric achl or wKiiniu ebloride to tner- 
curous nitrute solution. To obtain n piin* imabiel, excess of clilorjih* is 
used and the solution liealej. 

Mercurous chloride is callisl m/or«rf and is ns<Hl in meilicine ns n pur- 
irativc. It is preiNired bv snbliininij in an in>n |a*t a mixture of mercunc 
chloride and metalUe mercury, mailc by trituratlni: the sulistnnces in a 
mortar. The crust of calomel forimil oti I be lid of the jHd is jrnnincl to 
}iowder and boilcil with water 1i» remove tlie very jansuiunis mcrctirlc 
chloride, some of which always .sublimes imcliAnged : 

♦Hi* * H^tXl.. 

^tcrc«rous cbloritle Is very s|«rin|ily stduble in water (th4 per lit. 
at 20®) ; it dissolves to !a>nK* ex lent in solutions of chloriiUv and in cs>n- 
centrated hydrochloric acid but is decom|K)scd into mercuric chloride 
and mercury. It dissolves in hot i.*oncciU rated nitric acid : 

3Hg*Cli + 8HNO5-3H^tCI,+3H|jlNOj)t + 2XO + 4Hj0. 
Aqueous ammonia converts it into a black |xnvder. formerly regonled ns 
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a definite compound HgjClXHj, but probably consisting of a mixture of 
black finely -divided mercury and the mercuric compound caUed “ in- 
fusible white precipitate’* (p. 795), viz. Hg + HgClNHj. A similar 
black precipitate of Hg -i- HgXO,-NHj is formed wlien ammonia is 
added to mercurous nitrate solution. 


Mercurous bromide HgaBri is a white Insoluble powder similar to calomel. 
Mercurous iodide Hg}I| is formed as a green politer by triturating excess 
of ineroviry and icHiiuo. On heating it becomes yellow. The pure iodidei 
forici('<l by boiling excees of iodine with mercurous nitrate solution contain- 
ing a little nitric acid an<l cooling, consists of trans]>srent yellow crystals 
which bluckeii on exposure to light : Hgtl|sHgI|-f Hg* 

Mercurous oxide HgjO is formed as a black powder by triturating 
calomel with sodium hydroxide solution or by precipitating a solution of 
mercurous nitrate with sodium hydroxide. It readily decomposes on 
wanning or on e.x insure to light into mercury and mercuric oxide, and 
has been regarded as a mixture of mercuric oxide and finely'divided 
mercury, as its X-ray diagram indicates. 

Mercurous csiboaste HgaCOa m formed as a yellow precipitate on adding 
ox<*eM of potassium bicarbonate solution to mercurous nitrate solution and 
allowing to stand for a few days to decompose any basic nitrate. It decom- 
poses on ex]>o8uro to light or when gently heated : 

Hg,C‘0,»HgO + Hg + CO,. 

Hercurcus nitrate Hgt(X0)),.2H,0 is formed by the action of dilute 
nitric acid on excess of mercury in the cold, and readily crystallises from 
the solution on standing. If water is added to the cr^'stals a white pre- 
cipitate of basic nitrate is formed, which redissolves in dilute nitric acid. 
A little mercury is usually kept in the solution to prevent oxidation to 
the mercuric compound. A crystalline basic nitrate vdtU the formula 
3HKj(N0j),.2Hg,0,2H,0 is called JJari^nae's mU. Mercurous nitrate 
decomposes on heating into nitrogen dioxide and mercuric oxide : 
Hg.{-NO,),-2HgO+2NO,. 

Mercurous sulphide Hg,S is fonned by the action of carbon dioxide and 
|»'flrogon sulphide on dry mercurous chloride at - 10*. U ie decomposed 
by water, ond the precipiUte from eolulions is Hg•^HgS. 

Mercurous suJpbete HgjSO^ is formed by warming an excess of mercury 
with concentrated (or fuming) sulphuric acid and deposits os a coartc 
crystalline powder on cooling. It is formed as a white precipitate by 
adding sulphuric acid to a solution of mercurous nitrate. It tends to 
hyclrolvse when washed and a greenish -yellow basic salt 
formula Hg^0^.Hg,0,H,0 is formed. According to Hulett (I90«) 
the pure sulphate is best obUined by electrolysis with a mercury 
anode in dilute (1:6) sulphuric acid. Mercurous sulphate is used as a 
depolariser in the Weston cell. 
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MEBCI'RIC CoMPriVNDS 

The mercuric ccmi|K>unds HpXj are format I hy the oxidation of mer- 
curous compounds. Calomel diss(»lves in jujua O'uia fornunu mereiirir 
chloride HgClj. The mercuric w>mjHmi«ls may Ik* r<KliK-<‘<l U* iiut* 
curous compounds or to iiieliillic nicrcurv. (*a(firncl Is prcsipitutcd if 
sulphur dioxide is {Missed iiilu a bolutiuii of mcrcurh* chloride : 

2HjK’l, + 2HjO + SO, - + JHt I HySO*. 

By the action of a solution of slannotis chloride, uiiite calomel *it iirvy 
finely •divided mcreury is |>reeipituto<l acrortliiiR to the amount added ; 

2HgCI,.t.SriCI, - + SnCI, 

H\ir\t +SnCI, - 2Hj! -rSnCl,. 

All compounds of mereurv are pcduce<l fo the metal on hoilinit with 
hydrochloric acid and copper hul : the foil iMHKunes white owin^; to 
amalgamation, ami on heating it in a gla^s tulie a suhlimate of nuiinte 
globules of mercury is formed. A si mi Ur si ( hi i mute is oht aim'd if a 
mercury salt is hcatc<l with |Miw<lcr^*d cliurtxMil aiul sodium carhonatc. 

Utrcuric fluoridt tlgF, U r<»rtne4i by lieniiiig mertniroos iliioride in <lry 
chlorine nt 275^ or nh*iie in a vnemiiiini 45u ; it m diM*<>|<Mireil by traces of 
moisture . Tl le I ly 1 1 nit e H 2 H |0 is f« irmc^l in wl iii e rr>vt als by <1 \mi A s' ii i g 
mercuric oxide in cxcom of hydn^dmirie arid, ami a* iNisily bydrolyMoJ by 
water to a yellow laisic suit ilgKtOIO. 

Mercuric chloride KgOL, sometimes called ccriwivt subtimate on 
account of its volatility (m. pt. 277^ b. ])t. 3(>2‘) and jHiisonnus ]iro]>er* 
ties, is formed at the ordinary temperature by the action of cUlonnc on 
mercury, even when the materials are very tiry. It is nianufaclurtKl in 
this way, or by subliming a mixture of mercuric sulphate, common s^dt 
and a little manganese dioxide in a ]ong*novked tla I •bottomed Husk 
heated in a sand-bath : 

HgSO, + 2XaCl - HgCI, •► 

The manganese dioxide prevents the birmation of enlomel from some 
mercurous sulphate usually contained in the mercuric sulphate, The 
dask is broken after cooling and the eakc of sublimate removed from the 
upper part. 

Mercuric cliloride forms colourless needles, sfwringly soluble in eold 
but readily in hot water ; 100 parts of water dissolve at 0* 4*3. at lU® 
6*57, and at 100* 54 parts of HgCl,. It is only very slight I v ionised in 
solution {p. 237), and the solution (in which the salt' lias the normal mol 
'vt.) is slightly hvilrolysed. 

Mercuric cliloride is a violent poison. The fatal dose is 0*2-0 *4 gm. ; 
the antidote is the immediate administration of raw whites of eggs, 
followed by an emetic. The albumin is coagulated. Corrosive 
subUmato is used in prcserring skins, as a bactericide, and in 0*1 per 
cent solution for stcriUsuig the hands and instruments in surgery, 
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Mercuric chloride is readily soluble in alcohol and in ether (which 
cxtracU it from a solution in water). On account of its small ionisa- 
tion, mercuric chloride is not decomposed by boiling concentrated 
sulphuric acid. It U not acted upon by nitric acid. 

Mercuric chloride dissclvee with evolution of heat in concentrated hydro- 
chloric aci<l i the solution does not fume and on cooling dejKtsits crystab of 
H HgC I Wit h chlorides of alkat i metab crystal I ine com;>ounds are formeth 
e.g. KHgCI, and Na,HgCI|, which are partly dccompo^ in solution and 
partly ionised into complex ions ; 

Na,Hgrh ^ 2Xa* + Hga,". 

A soliition of KOiHgCIi U ussfl instead of mercuric chloricle as an antiseptic, 
since it is neutral in react ion and does not coagulate proteins. The ammoni- 
um salt (KH4),HgCl4,KsO is called sai altmbrolh. 

Alkalis precipitate a solution of mercuric chloride only incompletely, 
And mercuric oxule dissolves in hot solutions of alkali chlorides forming 
strongly alkaline li(|uids : 

HgCI, + 2KaOH ss HgO + SKeCl ^ H,0. 

This depends on the small ionuation of mercuric chloride, (he concentration 
of mercuric i<»ns from the <liaS{iciation of which is less than that In the very 
dilute saturated solution of meKuric oxicle. Tlieoxicle therefore dissolvea 
with formation of undonisetl mercuric chlori<ie. 

A mixture of mercuric chloride so]uti<»n end oxalic acid (in presence of 
minute traces of iron salts) is reduce<l on ex|>osure to light with measurable 
velocity depending on the intensity of the light: 2 HgCI|'i>C| 0 «H|S 
HgjCl, + 2CO, + 2HCI. Since tlie calomel may be filtered off and weighed, 
the reaction ts used as a ebcuueol pbotomstet (Kder). 

Phosphorus pentochloride combines with mercuric chloride to form the 
volatile crystalline compnind 3HgClf,2PCh. 

By boding a solution of mercuric chloritle with mercuric oxide, ttercuric 
oxycbleridei are formed, e^. 2HgC'l,,HgO (re<i), HgCl|,2HgO (black), 
HgCI„3HgO (Weiwde) (yellow), H^l,.4HgO (black). 

Mercuric bromide HgUri is similar to the ridoricle but leas soluble, and 
formed from mercury and brtiminc or by <liasolving mercuric oxide in 
hydrobromie acid. 

Mercuric iodide Hgl, is formed as a yellow precipitate, which rapidly 
becomes scarlet, on adding the caiculatwl amount of potassium iodide 
solution to mercuric chloride solution. On beating to 126® it is con- 
verted into another crystalline form which is yellow. The reverse 
change occurs on cooling. cs|>ccjally if the substance is rubbed. The 
vellow form is deposited on sublimation. Mercuric iodide is sparingly 
soluble in water (0 06 gm. per lit. at 25®) but more soluble m alcohol, 

It is not decomposed by dilute alkalis. 

Mercuric iodide readily dissolves in solutions of mercuric chloride or 
potassium iodide. In the second ease a comple.x compound, potsaium 
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tt«jcuri.iodid« KH^I^ is fonnoil. Tlir sul ill km is n(»l pri'ci|KtAto<i by 
alkalis since practically no mcrciirii* kms arc present, aiirl mercuric oxklo 
dissolves in a solution of |»otassiijm mkIkIc Io f(»rm a slrongly alkaline 
liquid ; j 4 j,Q + 3 KI + h, 0 - KHyl^ -f iKOH. 

A solution of potassium mereMri-kxIide t'oiitaiiiinp excess of potas* 
Slum hydroxide Is used as a test fi»r amiiumia under tlic name of 
KMsler's rtageat With traces of ammonia a brown colour, with larger 
aniounls a brown precipitate of is f<»rmctl.* 

Kessler's reuueiit is pre|H)re<t by <NsAoK*ine 02 3 i;m. of |KitU’«siiim indiiio 
in '230 ml.ordi^tillcsl water, iiiul addmi; (o I lie soitilion. excvpt o mJ. wliitOi 
is kept KQ|»ariite. n cold suitinitetl sobitusi of mercuric chkirkle uiitd n fiiint 
permanent precipitate is formed. Alxuit .'itHi ml. will lie rvM|iiir<'<l. The 
3 ml. of Kl solution are tlieii achled. iiihI more Hhft'l} i^nuluidty uidil u slight 
permanent precipitate is formcl. IMl of |s»t»isdiun hydroxide arc 
<J issol ve<l in 1 30 ml . of d ist i I lei I wm I er ami t Itc ci m »Ic« I sotii t ii >n n ddn I u I un 1 ly 
to (he other solulion. The bide w made tip to 1 litre. After sett I injr, the 
clear solution, which should have a sliirht yellow eoluiir. » dt'cimteiJ into a 
bottle cuvoreil with Muck varnish. It iiMj>rovee on keeping. 

Uerctiry periedide I MU is u brow n sulMtaueo aniil (o ]>e obtnine<l by (bo 
action of mercuric chloride on an ulcobolic soltilkm of |s»tassium tridmlidc. 
It readily loses iiHline. 

Mercuric osde HgO is ftirtncd ns n dense red erystnlliue ]) 0 wdrr 
(fNerevriui praccipitolHs /ter «) by heating mercury for u long time just 
below its boiling point in n tlask with u tong neck o)x*ii to the air : 

The red crystalline oxide is also oMaiiied (as "red jirccijiitate ’') by 
heating mercuric nit rale or a mixture of mercuric nitmlo and mercury 
(at higher tem|>eratures the mercuric oxide dccomjwscs) : 

2Hg(X03), = 2HgO +4X0- + 0, 

Hg^XOj), + Hg - 2Hg0 + 2X0-. 

Alkali Iiydroxidc (no/ ammonia) gives a yellow |)TVcipltnte of finely* 
divided mercuric oxide from a solution of mereurie nitrate ; according 
to Ostwald this differ* from the red oxide only by the particles being 
smaller : 

Hg(N0,), + 2NaOH - HgO + 2 XaX 03 + H^O. 

Mewiuy peroxide HgO, is obiaineil ns an amorphous brlck-re<l powiler 
when hydrogen peroxide and llien areoholk* ijoiash aro addeil to a solution 
of mercuric chloride in alcohol. I( is fairly stable but is <lecorn|»osed by 
water. Tlie peroxide is also formed by (he action of K,0, on HgO at 
0 , but decompi^ea with evolution of ox>-gen, leaving huelv-<lividecl 
mercury, ^ 

• Thisprcejpjtato was previously given the formula or NHg,l.H 0 
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Hercuric cvbcnate is known only in the form of two beeic aalte. ochre* 
yellow HgC03.2H((O. and brown HgCOa.SUgO. precipitated by atlding 
mercuric nitrate solution to a large exceee of KHCO, and K,CO, solution, 
respectively. 

Mercuric aitrau is obtained in large verydeUquescent colour less crystals 
2 Hs(N03)q,H 20 by boiling mercury with excess of concentrated nitric 
acid, cooling atid evaporating over quicklime in a desiccator. Mercuric 
nitrate is deconk{K>sod by water and the basic salt Hg(N03)2,2Hg0 is 
formed as a white powder. Mercuric nitrate is precipitated from 
solution by concentrated nitric acid. 

UcKuric sulphide HgS occurs native as cinnabar and is the jtigment 
rermih'oR. It is formed by subliming mercury with sulphur or by tritu- 
rating mercury and sulphur uith a little potassium or sodium hydroxide 
solution, w'lien the black sulphide lirst produced slowly becomes red 
and crystalline. The red form is less soluble in alkali sulphides than the 
black and hence the latter when digested with sodium sulphide solution 
is slowly convcrtc<l into scarlet vermilion. There is another crystalline 
form called mctacinnabar. Mercuric sulphide is formed by precipitating 
a solution of the chloride w'ith hydrogen sulphide : 

HgCl, + H^-HgS+2HCI. 

The black precipitate of HgS 6rst forme<l becomes white if shaken 
with the excess of mercuric chloride solution, the compound HgCl}i2HgS 
being produced. The further action of changes this into a red end 
finally a black precipitate (HgS). The black precipitate becomes red on 
sublimation. It is insoluble in boiling concentrated hydrochloric acid 
or dilute nitric acid, but dissolves in aqua regia or in canccHtra(ed solu- 
tions of potassium or swlium sulphides, forming thio-salts,«,g. K2HgS|, 
5HjO (white needles). It is easily soluble in a mixture of sodium 
hydroxide and ammonium sulphide. It U decomposed by boiling 
concentrated sulphuric acid : 

HgS+2H2S04-HgS04 + S02+S+2H20. 

Mercuric julphau HgS04 is obtained by boiling mercury with 1} 
its weight of concentrated sulphuric acid and evaporating to dryness: 

Hg + 2H2SO4 - HgS04 +SO,+ 2H2O. 

The white residue may be crysUllised from sulphuric acid. With aamnW 
quantity of water it form.s eolourlcas eryslaU of HgS04.H20. but it 
readily hydrolyses, producing a yellow erysulline powder HgS04.i.HgU, 
sparingly soluble in water and called /HrpeM minerat. 

Mercuric .sulphate decomposes at 400^ : 

SHgSO* - Hg2S04 + Hg + 2SO, + 20,, 
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and when heated in a current of h\*drogrn cliloridc it is quantitatively 
converted into mercuric chlorhlc. 


Hrtcuric cyanide which in •mly »lli»UOy i<inwe«l, w fopmoil by 

dissolving mercuric ox hie in aciueoiw hyditM'.vanH* «u*id amt crystal lining ; 
it ifl used in the preparation of cy«u»»ccn. Mercuric ihiocyansU Hg(ONS), Is 
formed as ft while jirccipllatc on adding KCNS lo HglNOj)* aoluflnn ; 
when nia<le uito small pills with gum iragncaritU s'lukcl in wnicr» and lit 
with a taper it gives ^H>b«i>noiis fumes of mcr«'ur>* and a long, siiukcdiko 
mass of a |^ol]^^ne^lse<l cyniioger* pfiMluct t/V»<mieA‘s scrftcuH- 

Mercuric (ulmiaate JlgiONl'J, (js.»n\crir wilh the cyanutc) w obtninod 
as a white precipitate on warming a »oUition of incrcucy in oxc^^ss «if 
nitric acid with ftictdad. ll is tiawl in nmkmg detoiiiHors, since it ex* 
plodce on percussion- It is being rejikntal to «*»mo extent by load 
azide Ph(N,b. 

By ad<Uhg a solution of Hgl, in Uqukl niiirnunm to an exeeas <»f (lotnas* 
amide KNH, ilissolved in lk|ui<l ammoniH. u rhooo|nlo*bri>wn fifccijatiile of 
mercuric utrideHgjNi is formeih Uertunc scetyUde 3t*,Hg.H|0 is forineil nau 
white precipitftto on jutaslng ftcetylene into u s* dot ion of mercuric oxide in 
ammonia an<l ammonium carbonale. 

MsTCuramnizia compouods. — Tlic tendency l<i form complex eoriqxninda 
it very marked in the cose of mercury. By the nction of ninmonin ga.H tm 
mercuric chlorkle a comfuminl Hg(*l,,2NH„ callwl u'tiite jmdpiUtU. 
iaobtaine<]. This is also forn>e<l as a while |»recipita(e by A<lding a solid ion 
of mercuric chloride to a boiling solution of ammonium chlorkle nud uin* 
monift. It was formerly rcgnnled as mcrcuri*diumrn<inuim vlilorido 
Hg(KH)Clh, but is probably an a<Miiivc com|Hamd |Hg(XH,b)(*l,. If 
ammonia is adderl to a solutl<in of mcrcuHc chloride, menniric i>xi<lo is imt 
obtaine<l. but a whito prccipituto of aniaensKuric cbJoridt NH,'Hgi'l. 
t.r. mercuric chloride in whk'h one atom of chlorine is reploee<l by the 
amino*grovip NH,. n fornted. This k cal1e<l in/udbtf trhitf pwif/iftifc. 

If mercuric oxl<lo m gently wannc<l witli acpieous ainmoniu. a >’cl|o\v 
powder knowm as MiUoa's base is fomxsl. Aeconling lo Hammelsberg 
(1886) this is the hydroxide corrce|Mtn<ling w’itli the dlmcrcuriammonium 
hydroxide KHg,’0Hi2H,0. On dn*ing at 126* in nmmunm gns, dark* 

/Hg. 

bro\N*n explosive NHgi OK. or jwrhapa 0^ ^NH. is formed. Hofmann 

and Marburg (1899) formuUted Milhm's base as (H0Hg),XH,’0Hi but the 
formula HOdHgtOl KHj.HiO is now adopte^l. since it loses H,0 w’hen 
dried in ommonin gas on<l forms HO’Hg’O’Hg XHi- Compounds isomeric 
w ith the salts of Millon's base W'crc jirejarcil by Franklin by the nction of 
liquid ammonia on Hgl3r, nn<l Hgli : lie reganled them aa Hg:N*HgX and 
formulated Mil Ion u base as HO-HgNHHgOH. 

By the action of aqueous ammonia on calomel a black powder is formed • 
which is a mixture of infusible w liite precipitate an J hnely*divided mercury, 
Hg ^NHa’HgCI. A similar black precipitate is formed by adding ammonia 
to a solution of mercurous nitrate. Hg *hNH,*HgN0j. 

The formation of this block powder from calomel is said lo be tlie origin 
of the name of the latter, from tlie Urcck ita/or«cfae, beautiful black, 
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Only mercur/c salts form ammines (addition rom|K>iinds witli ammonia) ; 
inorcuroua compounds are decomposed into mercuric compoimds and 
mercury. 


CHAITER XL 
VOLTA K‘ CELUS 


Electrical energy. — Kli'cHxilys^ h hy an nlisnr|»ii<»n < f 

rmTtfV. In bftltt'rics, cIiotiucuI h*artiiii\s fKour and t'ncTi»y U 

transformc<l into eUrtriral m*ri»y. tlic* iiivcT^* «if clini rolysU, H. K. 
Ar in strung riiat nU clic^rniml Hiangrx arn n*ully vuH-f* f»f n** 

verg'd electrolysis, 1)ut the tnily eliaiig»*s wliieli can furniHli eUntric 
currents nro those involving eleetrinJly eharg<‘<l hms. 

I n rhe m ien I redact i< ms t here* is w s im lly an e v< il ii I i( »t» 1 1 en t , * leri v er 1 from 
the diminul ion of chemical energy- Tiicheiitextdvifl inar«'actioniit con- 
stant volume is a nieasnre cd the deerean' of loUl eMcgy ||i. 2711). 1 f the 
renot ion t a kes j >lnce so as l o | »r< a I n »*e a n el wt rie < i i rr«*ii I . t h<* e tjergy of 1 1 u* 
current is a measnrx'of tlie<leer«'aseof CreecaerQr in the reaction, si inn* it 
may be wholly eonvertnl into iis4*ful work hy means of an electric motor. 

The fit'e energy change is the a»rr<*cl measure of tlie of the 

reaction. The ]M^ihiUtv of the measnrc'iuejit of chemieal alhnity in 
terms of electromotive forc*e was elcnrly |K»iiitc<l out by l^avy. 

Although Farnday’s second law shoe's that the same c|nantity of 
electricity (IKl.oOiJ cmtlumhs) is itH^nlred iik the deco m]>osit ion of one 
grani-e<\uix'alent of a compound into its iinehargc‘<l ions, the amounts 
of elMtikal work spent in the ch*com|iositi(»n c»f various eom]N)iiuds are 
very different. 

The energy of an electric current is giv<*n by the prcalnet <»f the rpian- 
tily of electricity traiisporterl hy the current and the clcetrical pn*ssurx‘ 
which drix'ea the electrons. The electrical pressure iscalUal «lecgoDaoUTc 
force (E.M.P.), measure*! in volts. The rtecthca) toerc; mensim'd in 
joul« is given by ; - C«ul«.ta =J.«te. 


The work clone iwr second, or the powtr. is meastired by the product 

of the amperes and volts : the unit of jxiwori 1 Joule |icr second, js 

called a watt : « w . 

VoHs ■ Amperts = Watts. 


The watt is a small unit, so that in ixracticc the kilowatt, or KMKt watts, 
is used. Energy is then measured in kilowatt hours (K.W.H.), or the 
number of kilowatts expended |H*r hour. 

Voltaic ceUa.^An arrangement in whi*h the energy of a ehenucal 
reaction is converted into eleetrlral energy is called a voltaic eell, si rice 
the first representative of this tviie of apparatus was invented bv ^*olta 
m 1800 . 

\ olta's cell consisted of a plate of zinc and one of copper immersed in 
dilute sulphuric acid. When the plates out sale the liquid are joined bv 
a wire the zinc dis.soIves. but liydix^n hubbies are evolved fit>m the 
<^Pper. not from the zine. An elect ric current, recognised by its lieaf ing 
and magnet i c effects , llo ws through t he wire . Posit i ve elect rieity passes 
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inside the cell fn)m the *inc to the copper by positive hydrogen ions 
moving in this direction. The h\*drogen ions deposit on the copper 
plate, give up their charges, an<l appear as gaseous hydrogen. The 
discharge is due to removal of free electrons from the copper plate ; 

The negative charge taken from the copper is maijitained by a current 
of electrons flowing along the wire from the zinc to the copfier, i.e. in 
the opposite direction to the conventional ))ositive current. The 
electrons come from the zinc, which dissolves as positively charged zinc 
ions : Zn »Zn ' 4’2e. 


ir the zinc hml merely dissa|ve<l In the aoi<l without producing current 
the hytlrogen ions would have been <l»(charge<l in contact with tlio nictul 
and hyclrogen gas ev<>Ive<l from the sine. In tlio cell, the hydrogen ionj 
truvol through tlio liquid to the cop|>er plate in ortler to ]hck up eleetrorw. 
The two rem'tions, when they are compelled to take i>lueo at two different 
places, produce a current. Tlie reaction m a cell hiis. therefore, been calloJ 
** chemical action at a dwiance.*' 

The voltaic cell clcxw not generate cfccfrici/y. The oloetrical rlmrgos are 
prceenl in the materials of the cell in the form of electrons, and the olectrens 
are adde<l to. or stibtractod from, atonw to form iona. During this transfer 
of electricity, tntrQ\j may bo taken from the battery. 





The Ppinifll cell.— TIte E.M.F. of the Volta cell rapitlly decreases M hen 
current is taken from it, owing to tleiKwilion of hydrogen on tlic copper, 
le^ing to polarisation. In the Daniell cell (1830), the voltage remains 

practically c«>nMant. Thi.< cell consists 
(Fig. 374) of a rod of amalgamated zinc 
immersed in dilute sulphuric acid, and 
an outer cop|>er ve.>v(cl containing co]>[)cr 
sulphate solution. The two solutions 
are separated by a jiot of ung)azc>l 
earthenware, wldch prevents them from 
mixing hut {>crmits the passage of ions 
moving from one licpikl to the other. 

Tlie xitie dissols'w in the dilute acid 
as zinc ions and the hydrogen ions 
{Missing fnnn the liquid rcuind the zinc 
throueh the wrous partition remain in the copinr Milplinte solution. 
Instead of hydrogen ions being dei>o«ite<l, copjK-r ions, nioro easilt 
discharged, give up tlicir charges to, and form a coaling of coi>|icr on, 
the copjwr plate. 

The net reaction U the transfer of txro nnit positive c-lmrsea from the 
copper ions to metallic sine, wbcrcl.y meisllic co,.|K-r and »tnc 
fo^I^I - Cu-.i^Zn = Cu . Zn ••• Since die nsn lioii involvea tlio lruii..fpf of 
coulombs, and the vol.aae of the cIl is I I. > 


FiQ. 374.— DonicM coll. 
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about the aatne aa the total f'ncrp>* Hiatifso. Tliis i» ex<^ptionol ; ui inu>cl 
cella the two ore different, and rimy even differ in 

Zinc in a solution of T^ine Mil]»lm(e. Atul cof)|>or in n aoliition of 4*4i|if)or 
stilphnte. 80 ( 10 rftteit by a poroibv cell, will also pve n eurmit ancl nmy 
be considered ne a morlifieotion of tl»c DaniHI roll. In (lua ease the ion 
SO/' migiolee from the CuSO, to the ZnSO, rwdntion, Copi^'r is clejK^-ciiiMl 
from the first solution, and riiu* dissolves in the wK’oiid. 

If on external voltasa slij*hlly ^renter tluiii 11 volts is Ap]>lie«i to the 
terminals of this cell ir^ the op(MMite dinn-tMui ten he K.M.K. of ihc c<*ll, the 
chemical read ions are reverserl. Zinc is de(M>silo<l ami eofi])er dissolves, 
A coll of this t 3 *])a is cal Id I a reversible vHI. 


Electrode potentials, — If the r.inc is re]»taml in the Daniell cell l>y 
cadmium, the E.M.F. cliAn>!i'S. Ifsilwr in silver sul()1mtc solution issiih* 
atituted for copjH*r in eopjier sul|»hate, tliere is a I son change in 
Thf i-oltage o/acftl df/>cn//s on Mr noturt of both fis tterfrodcs, mr/oU amt 
solutions, and Me I'oitatjf h the algrbraie rturr of lu-o siiigte itokiifials, 
one corresponding u ith each electrode. These ore culled elcctroda potentials. 

SlectrolTtie solution pressure.— The aoum* of 
the eleetrode potenlmls may be cx]damcfl by 
Nernst'a theory of electrolytic solution iiresaure. 

A bar of sine in a solution of sine sulfdiate tends 
to til row off zinc inns ouintt to its wlution prasnire. 

But the zinc ions in the solution exert an oRDotie 
prtuore. and tend to rtKlcitosit on I he metal. As 
a result of the first chanifo, the metnl a<*<jiiire« n 
n egati VC cli arge . ntid t he sol u I ion a ]M>sit i x*e c*h n rgo. 

This reaction is brought to a slamLlill by the 
attraction of the opi>osite charges, so that a layer of positive zinc 
ions is attracted to the ^urfuw c»f the negutive zinc plate (Fig. 375). 



Fio. S7S-— T)iajrTam 
i 1 1 up! rat i rijr fonna ( n m 
of uu electrical <loMblo 
lavcr, 


Tha more *inc ions are in the sohithm, Che prooter is their tendency to 
deposit on the rnetal.iu) that cho soIuImui pn’s^ure iif ihcmcinl in oj)(Ki.sdl 
and finally balancdl by the osmotic iicdwim* of the ioiw in dduljon. 



Fto. 976.« — Tlieon* of the action of 
a voUaic cell. 


If u Iwr of copfxcr is placed in 
copper jinipliate whilion the cop|)er 
ions (siiuv their osmotic pressure is 
op|K)Kxl by a relatively small solu* 
tion jjres.sure) tend to de|>o»i( on the 
zneUl. giving up their charges. Tho 
metal bccotnes charged iiositivelv, 
leaving tho sol ii I ion negatively 
charged, but the formation of a 
layer of negative ions on the metal 
surface again puts a stop to this 
reaction. 


If the two single electrodes, zinc 
4:-„ V oop|)er. are put in com muni ca^ 

s.^a^eli wlT^^ partition between the solutions, as in Fig. 376, tve have 
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TJie single p«t«Q(ials of mcMis in w ►Unions of ihoir ions conuinin« 1 ffin. 
mol per litre* ore i:\vcn in tlio table l^cl<.w. The siijn atinchetl in timt of the 
chai^o of the e/fclro>U. 'Ilie table U calJeei the electremotiw series. Hy<lrn. 
jreii <lb«olvoil in platinum or |>alUs<lium aeu like a metAl cloc tnMie to solu- 
lii)tvs of acids, contain inj* H* ions. Etich entry gives the |x»lenfiaJ iliffereiiro 
in volts at 18* between the given electrode nn<l the hydrogen electrode in a 
8oUiti<in normal in H ions. The ** ahsoluto ” |>otentiai diflorenco 
the hydrogen electrode and u normal solution of H' ions is about 0 274 volt, 
anti the alMohito |K>tential of an eleelr<»dc, referre*! to tlio solution at zero 
|HHentml, is given by a4lding 0 274 to the figure m tliu tublo. 


K - 2 02 
Ca -2 H7 
Mg - l'0.» 
Mn - l '0.> 
Zn - tl'7a 


EUctremetire seriss of the metals. 


KelFe"! *0 44 
( d - 0 40 
'n - 0 33 
.Sji<Sn"i - 0 14 
Vb 0 130 


H ono 

Cii((V‘) + 0 ' 34 .> 
Hg<Hg,') +0 80 
IM ^ 0 82 

.\g +0 80 


The voltnge of llie Daniel] cell with molar mlntions is 0 34.') - ( -0’70)-« 
1*103, iho cop|K*r l>eing fxMitive. 


Since iornsiition takes ]ilftc*o by Adilitirni of |H>sj(ive charge, one niHnl 
\vill dissolve in a .s(»liitu»n of n .•w't+md metal, d is] daring the HcnHid 
rnctul, when the electrode ixdenlial of the first met a) is algebraically 
Hina Her. 


Zinc in n solution of cadmium ions u ill (|i»u»lvc and nidihinm l>c do]M)si(o<l. 
sinc*a - O'70 • ( - 0*40) 0 3l»; wlnlst cii<|ininin will ile|MMii cti|>|*er. 

since - 0 10 - ( + 0*34.")) 0 74"). Silver will iio( «U*isisit cop|sT from n 

aolutioii of eopiier ions. siim*0 HO < < . 0 34.*i| • 0*4 .m. The eUvtroinotivo 

scries is also an Afioitp Mnei. 


Although non* metals are noii'roiidiiclors, their elcetfxxle fHitcntinls 
relative tu solutions of I heir ions may In* rnca«urt*(l hy ahsorhing a 
t race of the auhstance in a plal iimm jdnte. and using t his as an elect nslc, 
A [ilalinum plate immersed partly in eldorjiie gas ami partly in a 
solution containing chh^ridc* ions acts ns a |M)siiive chlorine elect rmie : 
Cl, + 2e^2CT, 

EltctroaoCivf series of acfi'ioeUls. 


I + rh.T4 Itr . M»7 n + I 30 

Thus, the voltage of the cell : Zn .l/ZiiSO, 1 .VKHr ' Hr^, l*t will Im* 
1-07 -( -0*7hj ■ 1 * 83 . The small ]K»tentml ilifl'erence Is-lwmi the 
two .solutions i.s neglect «sl in I lie aln^ve cah ulatitins. The f►otcntial 
between solutions containing H or (Uf ion** h r*hit(vcly large. 

Decomposition of potentials. - It ha< lasai stated (]». -Ml) that a 
delinite potential flifterencr llie elect nalcs is n*-|um*d in the 

decomposition of an clcidrolylc. \Vh< n the decor ji|k K ith m Mn'vcr.sih c, 
the fl( composith»n iMdcnlml ise*|nal to the algehniie difrcreru*c of the 
elect nnlc nolentiaU r)f llie two ion^. Miice the electromotive forc<* of 
ixihiri-ution s<*t up by ihe pr-Nlucl^ of decom]«wiMoii, acting ns a celt, 
Irujst Im‘ ovcm)iiie lM*for«> further t|e|'.Kilion of ions ran <H*cur. 
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Although sumo ions, sucli ns mpiwrniid other (Imt not all) moUl i<»ns, 
arc deposit Of 1 l>v tlic n])plieiitK)ti of the reversiUle (lecomjxisjtion 
l>otontml. Olliers nnd notably liydn)S!eii ions rr<|Mlroa larger |H»leiitial 
than tliis and the execss \s ealted tlie orerrolUp {nTot'^rpoltnliaf) of the 
ion. Fur h.vdroiien this is very small on |iUtinise<l jilatinum l»ut is larj:o 
on a mu Ijtai i ml e< I limr I f >r < m mereii ry 1 1 sts 1 4is t he eat h< >de. T1 1 is ex p lu i n s 
why sodium is de]iosite<l rather than h>*(lro}:en on the mereiiry in the 
Solvay cell (p. 205). 

Ceocentration cells. — Since electrode ]>otential d4*|>cnfU on tin* eon* 
central ion of the ions, two (•ortionsof the aame metal immerscfl in two 
5<dutions of the same clod roly to of different eemoent rat ions ean form a 
cell, known as a conecatutioa celL The voltage de^H^nds on the t^reater 
tendency of copper ions. r.g.. in cimecntmtcii Mtlntinn to (lc]H)sit on 
copper, on account of the I'reater osmotic ]»ressiin*. than cop]>orion.s 
in dilute solution. The copper in tlici'oneentmtdl solution liaa a {treater 
])Ositivc |»otentml than that in the dilute .solution. The metal <lis.solvea 
in the dilute solution and de|H>sits rroiii the coheeiit rated solution, 
until both solutions become e<|ually coiicentrute<l. The combination 
thou shows no B-M.F- 


On a coneontmted sohitHui nf st>mn<»UA elihtride (vehioh must not contain 
much freo hydriK'Ulnrir aeid) in a tesc tiil>e |Hnir cnrerully a <lilutc solution 
uf the mime salt. Insert a stick of tin, tKi}:. 377). After n tow hours a 
erystniliiie ilejxieit nftiri forms on the risi in t lie concentrated solution. 

If elcctrixlea are iminersetl in s<ilulions not of 
inolsr concentration with res|KH'l to the hais. a 
correction must be applie^l to the elect ohIc |Kiten« 
tmla to tako niHsmiit of tlie mfluenre of haiic 
concentration. In more cfsieeiiinitcsl sointiiaia 
the osmotic pressure of the ion is more iictii*c in 
teudin^; tu cause de|H»it ion on the ekHUhsles. If 
s« micl are the elec trode istteiitmU in sidutioiia 
of ions (»f concent rations c nml 1 pm. mol. |ier 
litre, re6|)ec lively, at 18 , tlien : 

0 OjH 

I.«c. 

where n is the v.lency of tl.e ion- Tlw elwlr.Kie til!"" 

potential of Zn in flceimolnr Sfduiion of ions is 

- 0*70 - 0‘05$/2 ss .0*4 89 volt- It is munericolly preoter than in molar 
solution, sine© the oi»|M»inp iismotic pressure of i lie ions U less. The eorre* 
s|>onding value for cop|)er is + 0*345 - O OoS 2- 0 3IU. 

cyanide is added to the copper sulpliate solution in the 
pamdl coll, the copjicr ions are nearly all rcmovetl to form complex 
ions CulCX)^"', and the direction of the current changes sign. On 
account of the low osmotic presjture of eopjwr ions, copper dissolves ami 
unc ions are driven out of solution as metallic zinc 
Oxidation and reduction.— The oxidation of stannous chloride to 
stannic chloride, or ferrous chloride to ferric chloride, by means of 



Fio. 377.— Experiment 


B02 


TXOROAKIC* CHEMISTRY 


(chap XL 

chlorine, may furnish an electric current. A cell is made up as follows : 

Pca'Uitt pole : a platinum plate in a solution of sodium chloride, 
saturated with chlorine. 

^sfgativt : a platinum plate immersed in a solution of stannous 
chloride. 

The two are separated by a porous partition. Chlorine dissolves in 
the platinum and sends off chloride ions into the sol uti on leaving the 
plate ^s^th a positive charge: Cl + c - Cl’. To neutralise this, negative 
electrons pass round the wire from the other plate, and the stannous 
ions which come in contact with this lose negative charges and are 
oxidised to stannic ions : Sn" -2e*Sn"". The current is completed 
in the cell by chloride ions moving through the porous partition. 

Let a cell be constructed os follow's : 

ytgnth'C polt : a platinum plate chargcil with hwlrogen immersed in 
dilute acid. 

PofiU'wt fXilt : a platinum plate in a solution of ferric chloride. 

Hydrogen dissolved in the negative plate throws off hydrogen ions 
into ’the solution, leaving the plate chargo<l negatively: + 

The negative charge passes to the other plate, and discharges Fc"‘ ions 
touching the plate to Ye ions: Fc"* + e-Fc". This is a process of 

reduction- . , 

Measuremcnl of the E.M.F. of cells of this kind gives a measure ot the 
relative .strength of an oxidising « reducing agent, the hydrogen 
electrode being tiacd as a standard. 


CHAPTER XLl 


GROUP III METALS 

Orol'p III of the periodic table is in two parU : 

The (a) Sub-group : metoU of the rare earths and the radioactive 
clement actinium (p. 40L). 


The flonsitics tit room lemperatiire and tlie lattice types of the rare earth 
eletneniK and (lie approximate m. pts.. when known, are given (c.p. s close 
packed ; f.c. s face 'Centred *, b.e. si body •centred) : 


At. no. 1 

Lattice 

Deoaity 

At. 

vol. 

1 

M. pt. ] 

At. no. 

Lattice 

Den- 
ait y 

At. 

vol. 

2 li 

'Sc. 

hexag. c.p. 

302 

m 

1200 

1 64 (;d 

liexag. c.p. 

?‘95 



iSc'4 

cubic f.e. 


1 u<i 1 


1 66 Tb 

liexag. c.p. 

833 

191 

30 

Y 

hexag. c.p. 

4>34 1 


1475 

, 66 Dy 

hexag. c.p. 

8*56 


57 J 

[ La*a 

hexag. c.p. 

■m 

226 

810’ 

67 Ho 

— 

— 

— 


lU-^ 

cubic f.c. 

618 

— 

— 

68 Er 

hexag. c.p. 

910 

18>2 

Sfil 

fCe.a 

' hexag. c.p. 

678 

23-2 

630* 

69 Tm 

hexag. c.p. 

9 36 

181 


ICe-^ 

cubic f.c. 

6*81 

— 

— 

70 Yb 

cubic f.c. 

701 

24*7 

sdI 

fPr.a 

hexag. c.p. 

6*78 

20'8 

040’ 

71 Lu 

hexag. c.p. 

9*74 

ISO 

w 

iPr-jfl 

cubic f.e. 

6'81 

— 



• > 



60 

Kd 

hexag. c.p. 


20*6 

840* 





61 

Pm 









62 

Sm 


7-7 

200 

1360* 





ns 

£11 

cubic b.o. 

64 

310 







The abnormally Iiigh atomic voiumes of europium and ytterbium are 
noteworthy. 

The electron c^mligumtiims of the atoms are given or> p. 822. 


The (6) Sub-group : boron, aluminium, gallium, indium and thallium. 



B 

A1 

Ci 

In 

Tl 

Atomic number 

6 

13 

31 

49 

81 

El ect ron configure t ion 

2 3 

2-8-3 

2-8-18-3 

2-8-18-18 3 

2-8-18-32-18-3 

Density . 

2*34 

2-70 

5 9 

7-31 

U-86 

Atomic volume 

462 

lO'O 

11-8 

16-1 

17-2 

Plaiting point • 

2300’ 

659-8* 

29-75* 

155-4* 

303-3* 

Boiling point . 

2550’ 

>2200* 

>2000* 

>1450* 

1475* 


The tt'pical group valency is 3 but boron forms several hydrides in 
which its valency is anomalous (p. 655) ; some metals of the rare 
earths (Sm. Eu, Yb) can be bivalent as well as ter valent, and in many 
of its stable conipoumls cerium is quadrivalent, as is praseodymium in 

ana 
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tiic oxide PrOs ; gallium and indium also form compounds in whiclj 
they are uni- an<l {possibly) bivalent, and thallium is most stable in its 
univalent compounds. 

The Tnaximiun eovalency of boron (in a short period) U 4i shown in manv 
com]>oimils, t.g. KBP^. Tlio valency arrangement la tetrahe<lral in such 
compounds as boroealUylic acid, which show optical isomerism {B6eeken, 

r 0 „ 

/ ° \b/ \ch 




C^OO^ ^ooc 
Aluminium shona a covalencv of 4 in the bimolecular halides : 


H 


q/ ^ 


and in many coordination compounds, t.g. Na[AlCl«], (AlCld^H,)!, 
(AIC*h(PKdl> etc., and asit belongs loa long period it also shows a covalency 
of I) in many comfwunds, t.g. NadAlKa), f AI(NHa)«]Cla* when the 

valency arrangement is octahe<lrah Tliis la shown by tho optical activity 
of the complex oxalate (Wahl and Andernin, 1927) : 


f— oc^oT 
A1 I [ K, 
(-oc==oJ, 


a nd s I rn ilnr compoumU- The rare ea rl h metals show a max i m\un co valency 
of d. 

The rare earths (except scandium oxklo) arc strongly basic oxides ; 
boron triox Ide Is weakly acidic and aluminium oxide weakly basic, 
but both arc amphoteric, as arc the oxides of the other elements of the 
6 sub-group, cxcejd thallium. Boron forms several volatile hydrides, 
gulllum forms a volatile aluminium a mm-volatilc AlHj, and solid 

hydrides of rare earth elemcnU are descrilKtl. 

The small atomic volumes and the large charges on B'" and Al * lead 
to the formation of covalent comjMmnds, ami the tri halides of the h 
sub-group except thallium atv volatile: aluminium chloride in the 
vapour (except at higher tern jK-ratu res) exists as A1,C1*. and OaClj is 
also largely assoeiate<l to CJa/\ in the vajMJur. Tlie trihalidcs are 
hv'lrolvseti bv water. The rare earth chlorides MClj are salt -like, not 
readily volatile, and not hydrolysed. All the elements (even boron) 
form oxy-salts stich as suljihates. hut rnrlKinates arc formed only by 
rare earths, indium, and univalent thallium. 

Corresi>onding salts of metnU of the two sub-groups arc not usually 
isomorpliou-s .,..1 cr.vsUllis<- «i.l, .lifferf.il numbers oi 
water The sulphates of tiiclals of the b sub-proiip (exee|>t tliallic 
sulphate) form alums Me'Me-(S0.),.12H,0. those of the a sub-group 


ALrJItNH'M 


XLl] 


Hitrt 


form dou ble su I |»li h! i*s Me * M v ' * • (S( ) j,K H .O » »f « d iffcr<*i 1 1 1 y |M*. A I « in I - 
niinn is stable in air Isccnnsc of n thin imdretlve oxiilo film : the ran* 
o&rtli metnU and indium an* nls<i aluble in air. v'^llinm oxidises only 
slightly blit thallium readily in moist air. The rare earth nictuls oxidise 
on heating in air. 

Organo-mctallir oom|»nund8 are formed by all the elements of the 
(6) sub'group, but not by the rare earths. 


AuMisirM 

History. —.\Uim ffrom whielk the element nUiinimum takes ita name) wna 
known in very early times. Pott (l'4U) slsme*! ihnt il is derivixJ from a 
|>ee«jliar earth titHminn, wiiirh Maivcrnf (ITTi^) isfits(e<| from einv. That 
alumina is the oxide ofametid w4iA|in>ve«l by Davy (I MM), who listed the 
impure metal which he calletl tttuiniuM. .\ jnirer metal utis ohiainetl hy 
Oerst e< 1 ( I M24 ) by hen t ing t he niiui Igm n ohi u i nei I by I ho ttv t ion o f | >o( <vu i in n 
amalgam on ninmirunm chloride. Tlie pure metal w’ns iibtuineil hy Wohler 
in 1827 by the action <*f jsihiiwiiim *tn the chhirale AK'I,. liiirwen (I8.'»4) 
prepared it by electrolysis hnl (lie hnu iii<liis(riid cuciIhmI of iin'isimtion, due 
to Doville (1804). «le)icndeil on ihc roilni tiMn ofsislinin flliimiiiiiim clilorido 
NeAlCI, by sodium. In iHXii the pnshicthin of shimiiniirn hy (he elwtro* 
lyais of alum inn dissolves! in fiiseil crj-olite was si arte* I siinuUmu.'oualy by 
H^roult in Kninee ami Hall in Aiiieri<'ft. 

OccurreDce. — Aluminium occurs in almost all Aitientr rocks (felspar, 
aiigite, hornblende, chlorite, tourmaline and micas) and in the secondary 
formations elatf (AI,Os.2SiOj.2HjO) and s/ixfe (clay hardeneti nnd lnmi» 
nnted by pressure). Tlie oxide A 1,0, is found either anfiv<lrons as 
Mnnidum, or hydrattHl as dutsjtort AljO^H jO, ji7»6xifc AljOj.lJHjO and 
Mtfj'iVc, a mixture of tlja.K|M)rc and gihbsitc hi varying prtijiortions, 
Spintl is MgAIjO*. Feh/nr KAlSijO, or K,0,Al,0,.(»Si0, is u consti* 
luenl of primary rocks such as granite, and by their disintegration hy 
the combined action of moisture and atmospheric carlKUi dioxide 
soluble alkali salU and insoluble livdratctl niuniinium silicate (elav) uru 
formed : ‘ ' ^ ' 

2KAlSi,0. + 2H,0 +C0, = AI,0,.2Si0,.2H,0 +4SiO, + K,CO,. 

The quortz er.>-stals and mien senlos mnain with the tine <ic|Hwit of clay 
or trtofia. AI,0„2Si0„2H,0. .Any inai in (ho rock is <»xidUi>d to ferric 
oxide, which colon w (he ciny yellow or rent. TIk? kaolin mny 1)© sojaimte^i 
from the quartz by washing, wlieu (lie fine jwHkUw of eluy arc carried 
away frum the larger piece* of <iuartz. A pur© clay w hicli hw been (nma- 

ported by water and is more ploalic than kaolin or cliimv clay is called ball 
day. 

Common clay is contaminated with licneatoiie, quartz oml oxiile of iron ; 
» mixture of clay and limestone is amrl. a nuxtnre of clay aiul sand is loam. 
Alumuimm cominjuntls are e«)l absorbed (except in traces) from soils by 
Plants with tlxe e.xcejition of mc**es. the ash of wliich is rich in ulumina. 
^«eriy a]] clay conlairw some (itanitim dioxkle TiO,. Cryolite Na,AlF is 
a oemi-tranaparont mineral found only in Greenland * 
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Metallurgy of alununium . — 1 1 is not yet possi ble to prod uce a] um inium 
from clay ; the source of the metal is baiutiU, but since this contains 
iron oxide and silica it is first purified to obtain pure alumina. 

In the old process bauxite is heated to re<lness with so<lium carbonate, 
when sodium alumumte NaAlO, is produced, ahimina being a feebly acidic 
oxide. Tlie mass is treated with water, forming finely divided oxide of iron 
which can be used for the purification of coal gas (p. 613) and a solution of 
stKiium aiuminate, from which a granular precipitate of aluininium 
hydroxide U thrown doM*n by carbon dioxide : 

Na,CO, -h AJ,0, s 2NaA10t + CO, 

2NaAJO, + CO, -r 3H,0 = Na,CO, + 2AJ(OH),. 

On igniting the precipitate. AI,0, is obtained and the solution of KaiCO, is 
evaporateil and used again. 

The British Aluminium Co. at Lame (Ireland) uses the Bat/er proct4$. 
The calcined bauxite is digested with caustic soda solution \inder 
pressure, giving a solution of sodium aiuminate and leaving oxide of 
iron which cannot be used for anv purpose. The solution of sodium 
aiuminate (with some sodium silicate) is agitated with precipitated 
alumina when nearly all the aluminiuiu in solution is throw'n out as a 
sandy precipitate of ^-alumina (which contains some sodium), wlueh w 
easily washed and on calcination yields nearly ptire alumina : 

ALO, + 2NaOH -2NaAI0, + H,0 
NaAIO, ♦ 2H,0 • AI(OH), + NaOH. 

The alumina is then dissolTcd in fused cryolite (now usually artificial) 
and electrolysed with carbon electrodes. 

The electric furnace consists of an iron box lined witl; blo(»ks of car* 

b.. ..d .1,. Th. To\'Z 

above the bottom of the 
trough. The temperature is 
over UOO*. 

The alumina is electrolysed ; 
the liquid aluminium forms 
a pool Ik? low the anixlcs and 
the oxygen liberated bums 
the anoclcs to CO and CO^ 
in about equal volumes. The 
charge is covered with solid 
alumina and fresh alumina 
is added from time to time 
to replace that dcoomposod. 


Hg> 



378 —Electric fumaca for aluminium : 
A, carbon anodes : U. ‘‘•rbou lining i C. eaat- 
,ron vwwol: D. aoJid alumina; b. crurt of 
HoIidifioU ©lectrolyto} F. molten el«tnrf>^a; 
(}. rnoJtan moUl ; H- low volUga charge con- 

tiol lamp. 


being chiefly iron and silicon. 


PROrKRTIKS OF ALI’MIXU'M 


xn] 


Jto? 


bAriuJTi f1itori«lc. wliioh j?* a catboflo of piiro mcilton nlumiiihiin. 

The v$r\’ pure inolul diners in uuitiy pni|>orlic< fr«>jn I hr |M*f (’rnl mrinl. 

4 

Properties. — Aluminium i-s silver- wliiU* when pure, hut usually has 
a blue tinge. It is very dnetik* und niu lira hie. On ueetuint nf its Miiall 
density it is used in const ruction work : it has n hi^Oi tc^nsile str<*ngtli 
but is rather The aIIov of aluminium and magnesium is still 

ligh ter a nd can l>o worket I eu sily in a hi t he . w h list n n u 1 k i y o f a I u ni i n i u m , 
copper, aiagnesiuni and manganese, ean Ih* worked hot <»r eold ntui 
hardened by quenching in water, the hardness 1)cing increased hy 
tern peri ng aft er quene 1 1 i ng. A I toys of al u mi n i u m w it li eo] q kt o re cal led 
bronzes. 

Aluminium isunehangHl in fiuriMlry air. athin transparent protecting 
Him of oxide being formed, hut it csirrudes in impure* air. The him is 
rcmoveci by rubbing the metal with moist mercuric chloride, firodiicing 
a liquid amalgam to which tlie oxide cannot adhere, and rapid oxidation 
occurs forming luoss.like cxen*Mvii«*s c)f oxide, Arnalgainuti‘<l 
aluminium foil U a usi*ful nslucijig agent in neutral sohitiotH. Ahirni* 
Ilium foil or powder readily burns with a brilliant llamc when boated in 
air. The metal is a gcxxi conduct <»r of licat and electricity, being uso<t 
for electric cables : for equal uriytiU it is a Indtcr ccmductor than co))|)cr. 
I'he poutitr is made by stamping pieces of thin shcH't in oil and really 
consistn of thin Hakes. 

Although only .'«u|>crficiaUy attacked by purr water, aluminium is 
attacked by sen water and solutions of sonic salts (e.j. magnesium 
chloride} which remove the oxide film. Dilute or cold concentruliHl 
sulphuric acid has very little action, and the purr metal is almost 
unattacked by dilute or cimcentratetl nitric acid. Dilute and eoncen. 
trate<l hydrochloric acid readily dissolve aluminium with evolution of 
liycJroj-cn : L>A1 *(iHa - iAK’l, *3H,. 

and hot concentrate<) sulphuric acid attacks it : 

2Al + 6H.S0, - AMSO,)j + 3JSO. + bH,0. 

Aluminium readily dissolves in .'Solutions of alkalis, forming aiumiaat^i : 

2Al + :>NaOH + 2H,0 - 2XaAIO, + 3H,. 

Tliesc are hydrolysed in solutkm : 

NaAlO. + 2HjO a* Al(OH), + XaOH. 

The ^ot cvohilion of heat in the coinbiiuition of aluminium with 
oxjjon is utilised in tJoldscbmitUs thermit procest for rcltu ing met nl lie 
oxidta {c^. Cr,0,. Mn,0>) an<l for the |>ro<lo<-t ion of mohen iron for wcUlina 
Woken articlw (rails, ship's ivirls. etc.) in situ. A misture of ahiminium 
^wdor snd oxide of iron (-‘smithy scales ”} is placod in a erueiblo and 
gmtod by a biurung magnesium wire. A violent reaction occure s 

8A1 + 3FejO, = 4AI,0, + 9F©. 
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and moUon iron covpre<l with a Uycr f>f nwdlen alumina is formed. The 
iron is tapped from below <iircct1y on lo tin? joint to bo welded, enclosed in a 
mould of Kre*clay and sand. 


Aluminutu Compounds 


By tbe action of lithium hydride on anhydrous aluminium chloride in 
dry ether, tvhite solid siumuium hydride AIH3, and lithium slumuijuffl 
hydride LiAlH^ (a strong reducing agent), are formed : 

3LiH + AlCl, * AIH, + 3LiCl AlH, LiH - LiAlH^. 

Alumiaium fluoride A I Pa is insoluble in water although aluminium tii$* 
solves in hydrofluoric aciti : the fluoride is obtaineti in crystals by evspo* 
rating the solution. Jt is not derom|K)sefl by idkali solutions but only on 
fusion with sodium carbonate. Tlie mineral crydiU is Na,AIPa. An artifl* 
cial cryolite is made by the reaction : 2A1P, ♦ flNH|F + 6NaN(), a 2Na,AlF| 
•f UNH|NO, in solution. Cr^'olito is decomposed on heating with lime: 
NajAlF* + 3CaO « 3CaF, ♦ Ka.AIO,. 

Ai .itiimi iim chloride AlCI, is prepared anhydrous by licating aluminium 
in clilorine or hydrogen chloride gas : 

L>AU6HCI-2AICI, + 3H„ 

by heating an intimate mixture of alumina and carbon in a current of 
dry chlorine t + 301^ + 3C - 2AICI, 

2A1,0, + 6CI, + 3C -4AICI, 4^ 3C0„ 

and by heating alumina in a stream of carbonyl chloride or sulphur 


cldoride vapour and chlorine : 

AlA + 3C0CI, - 2AICI, 4.3CO, 

4A1,0, *38, Cl, + UCl, - 8AICI, * 6S0,. 

(These are general n.ethods for the preparation of metallic chlorides). 
Aluminium oxide alone is afouftf decomposed when strongly heated in 
chlorine, oxygon being cvolved- 

In the laboratory. 10 gm. of aluminium turnings arc heated m a hai^ 
giaas tube eonnee.cti u-ith a bot.ic (Kig. 370, ana^a^m.ud 

|>iM«c<l over I he inotnh A 
siibllmatc of Ahiminium 
chloride is formcnl. 




Ai 


AthtiM 





37d._PrcT>srslion of sluminium chlorUlc- 


('rude Aluminium chloride 
is now largely used in ix't- 
nilcum " cracking" mu I is 
made by passing ddorino 
over n heated mixture of 
bauxite and carbon. 


Anhydrous aluminium chloride is a «hito ery.stalline 
scopic Lbstance (usually coloured yellow by feme chloride as impur.tj ) 


CHI.ORIDK 


xu] 


Hfin 


which fumes in moi^t nir. Ot) hentiiig it sublimc^t at 1 8^** withoiit pre- 
vious fusion (m. pt. uiwhT 2 atm. pn-:c<ure 193®). The vapour dennitv 
at 330’ corros|>onds appro xi in alc*ly with AI2CI4 but rapidly falls with 
rise of temix*ratun\ until at it corresponds with AK’I,. then remain- 

ing constant at hipher tern p« Tat u res : AI,CI4^2A1CI,. In organic 
solvents tho formula is AU’lj. Aiiinuninni chloride is volatile, sol 11 hie in 
organic solvents, ami when js a |M>or eonduetor of electricity ; 

it is a TOVuIcnt compound (like iK’lj) rather than n sjilt. 

With a little wafer aliimlniiini chloride forms a erv.sinllinc hvdratc 
AlClj.OHjO, more ctmveniently prc'iuiitHi hy dwsolving »lnminium or 
soluble alumina in voncenlratixl hydrcMhlorie aeid and saturating the 
sol u t ion w i I h hy d rogen eh h Twie gas. A 1 11 m in i u m ef 1 lorii le is hy<l n >ly set I 
in solution ; AICI3 -fJHjO AI(OH), +3HCI, which ean Ik* tit rattsl with 
alkali aa if it were free hydrrK*hloric aeid. The comjionnd NnAK'l, \a 
fornic<l when aluminium chloride and sodium chloride an* heated in a 
sealed tube. 


AIumiaiuiB bromide AlHr, (m. pt. 93 . I>. pt. 2fl3 | is i>repiinvl simihirlv 
to the chloride an<l has similar pMjterliea; it fomw a crvstal hvilrnlo 

AlUr„0H,O. 


AloBumutt iodide All, On. pt. I83\ h. pt. 330 J ia formed hv lie*iting 
ahiminium and in a scale* I tul>e. or by acuinp on aUnniiiinm with 

me d iteol ved in carbon <1 isu]| )h U Ic. 1 1 f<»rma o cr>*st a] hy. Irate A 1 1 „ u H ,0 . 
Alumimum iodide wlicn heated with carbon tctnu-blorido forma carbon 
tatraiotlido : 

4AII,e3COI*r.4AK1,*3Cr,. 


Alurainnim bromkle an. I iodUlc in tlic vnjwur atato have iho fonnuluo 
Al,ur, and A|,I,. but .lisstK’iato on licatinp. 


Aluminium oxide.— Aluminium oxide or alumina Al,0, occurs as 
wrunduiH in rlioinbohcdral crystals nearly aa hard as diamond ; r lurri/ 
J4 an Impure fine-grained variety used in grinding and imlishinu. 
Urundum when transparent forms a number of gems : oncHlal tajxt: 
O'cllow), sapphirt (blue, due to cobalt or titanium oxides), rubt/ (red, 
duo to chromium oxide), oritnial amethtf^ (violet, due to manganese 
oxide), onen/a/ emerald (green). (Tlic true emerald is bervlliura 
ftiummium silicate.) There are two forms of aluminium oxide, ‘stable 

(corundum, lie.xagonal-rhombohodral). and y*AUO, (cubicl 
stable below 1000’. ' 


pro<Juced by dropping pow.lered alumina e<mtaining 

'"Sle co’eUl »h.ch may be cut. Arti/!ci<,l «,pphiru are made with 

and abrasive, ia pre^i by 
ng bauxite m tlw electric arc funMcc. allowinf the imptiritiw^ttle^ 
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cooling, and crushing the upper part. The powder is mixed with a little 
clay and felspar, moulded, dried and fired in a porcelain kiln. It diffeis 
from silica in being a boeic refractory. 

Bauxite cement Icimtnl fondu) is made by fusing nearly equal «*eights 
of bauxite and lime. The clinker is Imely ground. This cement, unlike 
ordinary cement, resists the action of sea water. 


Aluminium hydroxide .^On adding an alkali to a solution of an 
aluminium salt, e.g. alum, a white gelatinous precipitate of aiumuuum 
b^ofidr is produced, soluble in excess of sodium or potassium hydroxide 
(forming aluminates) but almost insoluble in dilute ammonia. It is 
amorphous and tlrics to a glassy solid. 

On heating the hydroxide to dull redness it loses water and forms a 
white powder of alumina. This is also formed by heating ammonia 
alum (p. B16). If it has not been strongly heated the alumina is soluble 
in acids, but when ignited it becomes denser end insoluble in acids and 
can be brought into solution only by fusing with sodium hydroxide 
(forming «xlium aluminatc) or potassium hydrogen sulphate (forming 
aluminium sulphate). 


Apparently some kind of crj'stalline rearrangement occurs on healing, 
and other oxides. Cr,0,. Fe,0.. MgO, TiO,. undergo more or loss tu<U on 
exothermic changes at higher temi>craturw. increasing »i tlensity and be 
coming insoluble In acids and generally less reactive. In the case of sircoma, 
ZrO., wpeclally. but to a lees extent with some of the other ox idee, the 
chongo l« accompanie<l by incandcecenco. These changes wero obscrvcil 

by llerzelius. 


Several <lefinite l.ydratc* of alumina exist, characterised as « and y 
according as they give on dehydration a-Al,Oj. the hex agonal- rhom bo- 
redr^.l-rundum%®rr.AIA.«>WcformsU^^^ 

foun<l as a mineral, is ,.AI,0,.H,0. and hteaks up " " " 

in steam at 400«. BohmiU y.AI,0,.H,0 .. l?"71'''“‘*VZx i^ 
solution by ammonia and also occure in bauxite from Us Baux . it is 
the first p^uct of the ageing of an amorj.hous gel and is 
at 400’ * <7i66ei/«, the most stable form of tnhydrate. y-AljOs.dH,^ 
ihZd as a mineral and isformed from ^ 

gibbsitc and baycritc, Al(OH)a (Lehl, 1030). 

p^ipltet.! aluminium 

Bubstonces- Hence alum an<l U^himIb biicIi «» sowiigo. In mordant- 

in dyeing and f..r fabric and Ihe latter <lippe<l 

Z‘^7. he's- ^ ^ 
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nUimmft. Fabrics are walerprtK>r(ni by sioopinf; in a of aluminbim 

ncetalo anJ stooming. when colUmlol Aliimcna ia prc(*ipitate<l in tlic porca. 

CoUoidal alucnimum ta74rozMc Is known in two forms, (o) A solo (ion c*f 
(he prccipi(atc<l hyclroxiilc in aluminium chloride mdulion »ivcs on 
dialysis a colluidnl sol u I ion u liich acts as a mordant, forms lakes w ith 
dyes, and iscoagulaCod by alkalis and sails, the precipitate be inu soluble 
in acids (Graham. |K6I). (6) A solution of aluminium acetate kept for 
some time at KKI^. the water w hich cva|M»ratcs being replaced, Iom's all 
the acid an<l a second colloidal variety hydntxifff) is 

formed, w hicli does not form Inke.soract as a mordant ; it is prcci]ntiitcd 
bv acids, alkalis, and salts, but the gel is s|»aringly soluble in acids 
((>um, 1854), A milky colloidal solutibn ia also fornusl by the action of 
4 jKT cent acetic atid on the wcll-wa>dted jirecipitatwl hydroxide. 

Aluminium li.vdroxide dissolves in ackU producing aluminium salts : 

Al(OH), + 3HCI ^ Aid, + SHjO. 

The reaction is reversible and the salts an* liydroly.sod by watiT. since 
aluminium hydroxide is a weak Imsc. The hydroxide also dissolves in 
a solution of so<lium or potassium hydroxide, producing alumiasMs. 
which are extensively hydrolysed by water, and it can tfjus act also aa 
a weak acid. Tlic acidic properties are weaker than the basic and tliey 
are causwl b}* fiydroxyl groups liberating liydrogen ions : 

Al • +30H' es AKOHljn* + H,AIO,’ as + AlO/ f H-O. 

A substance having both acklie and basic functions in presence of 
strong bases and strong acids, respectively, b called an amphouric 
•IwtMlyt# (or aaphoiTte). Its salts w ith strong aekls an<l strong bases 
are hydrolysed in solution. 

In solution, only Dtu*alumias(»s. c.g. N’aAIOj, seem to exist, sinoe 
the freezing ]>omt of a solution of sodium h>*droxidc is unaltered by dis- 
solved aluniituum hydroxide, so tlial an OH' ion is replaced by AlO, : 

OH +A1(0H),-A10,'+2H,0. 

If solutions of alumina in acid and alkali, respectively, arc mixed, the 
w'hole of the alumina may be precipitated : 

Al eOAIO, -2AIA 

Solutions of aluminates are so largely hy'drolysed : 

XaA10j + 2H,0 ss Na +0H + AI(OH)j, 

that they may be titrated with acids as if they W'cre alkali hjdroxides, 
and on standing tlie alumina is slowly deposited. When boiled with* 
alumma, most of the aluminium hydroxide is precipitated. 

The mmcral sprwW AI,MgO, sjkI relatttl compoumis, AlJ+fA'O,)*-. where 

X = B« (in d-ry^ryl). Zn. A. c'i. Mn. formerly regerde.1 « eluminoles, 
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havo the aluminium as cation. AJaCoO^ is Thtnard'^ blu«. obtained by 
heating alumina with cobalt nitrate (blo»*'pipa teat). 

Alninininm peroxide AI^Oi (?) mixed with alumina is precipitated by 
adding excess of 30 per cent H«Oa to alumina dissolved in 30 per cent 
potassium hydroxide solution (Temi. 1913). 


Aiuminiam csrbide Al^C^ is a yellow solid formed by beating a mixture 
of alumina and carbon in the electric furnace : 


2A1,0, + 9C - A1,C, +6CO. 

With water or dilute acids it evolves methane (p. 604). Aluminium 
carbonate does not exist, since alumina is a very weak base, and 
aluminium hydroxide is precipitated when a solution of alkali carbonate 
is added to a solution of an aluminium salt : 


2A1 • +3C0," + 3H,0-2A1(0H)3 +3C0,. 

The basic sodium aluminium carbonate Na(Ai0)C0},H{0 occurs as the 
mineral dawsonite. 

Alujniiuum silicates and ceramics.— Aluminium silicates arc found in 
many minerals and in clay, used for making ceramic products (Greek, 
ktramM, clay, or a pot) such as bricks, pottery and porcelain. Pure 
clay {kaolinite) Al,03.2Si0,.2H,0 or (AI,0,.2SiO,)„3HtO, on lieating 
loses free and combined water and shrinks ; above 1000® reaction 
occurs with formation of the crystal form of silica called eristobalite 
(p. 0o9) and muHitt OAJA.SSiO, : at 1500® this sinters to a stony mass 
which at higher temperatures softens and then fuses. 

Clay used in making pottery is washed and the coarse iwrticles allowed 
to settle. The fine clay tleposil is mixed with ground flint or felspar and 
excess of water is removed by air drying. It is then highly plastic and 
can be worked on the wheel. The goods are air dried by stacking in 
warmed rooms and then fired in clay boxes called so^^rs, stacked in a 
kiln- The product, which has undergone shrinkage, is called 


The plasticity of a clay depemis on tli© state of hydration, fineness of the 
particles an<l content of organic matter j <m baking a plastic clay tenets to 
shrink on<l crack, so that some non-slirinking material such ascalcine<l day. 
bone ash, or grouml flint is added to prevent this. For coarse earthenware, 
clay only Is used. 

Bricks are made from impure clay ‘""I 

which alves them a red colour after firing at about 960 - The )ellow 
bracks used in the South of England are made from mixture.s of clay and 

chalk. 

Sand.tim^ brirk^ arc not mada from clay b..t from a 
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Purer clay Is used for eorlh^Htmr^ wliich is fired at a tempera- 

ture tfiaii bricks : tfic |irc?«*ucc of ferric oxicic j>ro<lucc.< a buff* coloured 
or red product. Porffltt 'tn w ma<l<' frtim a mixture of tl»c pun*st 
china* cl ay or ka^in frex* from in»n. with {! round feUpar and quart:^. 
It is fired at about then the {!lnze is put cm and the ^oocls 

arc fired at a bluUli-uhile lieat (I3<M) -lotNi^). The tem}x*rature 
is regulated by j^vrometers. or by small elny cones (*Vej?fr CGnf.i] 
w hich soften ancl l>cnd over at jmrtjculnr tom [>crat arcs in the furnace. 
The mass unclci^ws partial fusion and the product is translucent. 
EttgUsk bone china contains 3<> tu per cent of lione-ash (calcium 
phoKpliatc). 

Clay containing much silica and alumina in comparison with basic 
oxides (NajO, f’aO) is very rcfrueior>*, ami is eaIlwlyrn*r/oj/ Stour- 
bridge clay). This is made into cnicibh's and rt*frae(orv bricks and to 
I prevent undue contraction on firing, broken fin* bricks (*' grog ') are 
added to the clay lK*fon* heating. 

The clay after firing forms the Mif. biecuit if iM)re<*lain clay is usc<i, 
othcruisc earihentrttre. Tlu* yfait is a glass v surface* im|>artcd to the 
body and intimately unitnl with it. Kartbenwan* drain ]>i|K‘s ancl 
cheaper goods arc Wf*gfry:n/ ; emnmon salt is t brown into the kiln and 
vaporises at the liigh tomiieraturc. forming a thin layer of fuaililo 
silicate on the surface of the ware. Siilt*gla 2 cd wan* is suitable for 
containing acids. Table-ware is dipped into a creamy pa.«te of a 
mixture of borax, clay nud ground Hint. Some of this adhen*s to 
the surface ntul la fu^icd in the furnace to a glaze. /'«reckj/n fjlnze 
is applied by dipping and re*firing at a higher tem|)eruturo than in 
making the biscuit ; the glaze may be ground felspar, quartz and 
kaolin. In makiJig cbea]H*r curtbcnwarc the glaze U put on before 
firing, 

The ware may Im? fiointai liefore glazing or .some colours are A))plied 
on the glaze : the colours are metallic oxides (r.g. tsdmll oxide) which 
form colourctl glas.scs w ith the glaze or with lead oxide and silica, or 
borax, mi.xed with the colouring oxide. 

Ultramarine,— The blue mineral tapis hznti is a sodium aluminium 
silicate containing sulplitir in some form not complctclv defined but 

E robably as sodium sulphide. In Guimet obtained artificial tapis 
zuli or ultrsnuuifie. 


A mixture of kooNn. s<KtB*iish or sodium stilplmie. sulphur, and re^in or 
wood charcoal is heate<l to re»lnes» in a ehised cnieible. A wVuYc uttramarine 
» f^etl in complete abscru*© of air, bin usually wlien air U admitlo<l 
uuring heating a Qiren nUmmariHc is fonuoil. If Ibis or white iiIlmniHriue 
IS mixo<l w ith powdered sulphur and heated in air. fh© commercial blue 
ialramonnc is forme<l. which is ground and washed. If this is lieateil in u 
stream of tiry chloriiie. nitric <»xt*le. or hy<truge»j chloride, a violet ajxd 
nually A r«»f, ultramorittc c^iilt. 

The swliiim may 1»crci)hic c<l by lliecipiivtilcnl of siUer by lieatment with 
Silver nitrate «nd q yclkm* silver utfrunuiriuc is formed. l*>om this, by the 
action of potassium imd lithiiun cbloride©, potassium and lithium ultra- 
marines are formed. 
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The composition of blue ultremarine was given by Hoffmann (1873) 
aa Na^S^l^Si^Oii. X-ray examination suggests a body-centred 
cubic lattice, the unit cube containing AliSi^O^^. The structure 
contains large holes and channels accommodating sodium tons and 
sulphur perhaps in the form of disulphide ions S — S". 

Alkalis are without action on ultramarine, so that it can be used in 
laundering to give a white appearance to linen, as it is not attacked by 
soap or soda. Acids, however, rapidly decompose it forming hydrogen 
sulphide and a white gelatinous residue. 

AluzDinium oicnde AIN is formed by heating aluminium powder in 
nitrogen at 740^ ; It is <lecomposed by hot dilute alkali : 

AIN + 3H,0 = AI(OH )» + XH». 

The formation of aluminium nitrule by heating a mixture of bauxite and 
carbon in nitrogen at 1600“: AI,0, + N, + 3C*2AIN + 3CO, and its de- 
composition by hot dilute alkali were proposed by Serpek for the utilisation 
of atmospheric nitrogen, but tlie proccee clc>ee not fteem to be used. 

AJuffliDiucs Ditrate AhNOsls.OH^O Is a deliquescent salt prepared by 
dissolving precipitated aluminium hydroxide in dilute nitric acid, 
e vaporat i ng and crystal lisi ng . It deeom f )oses on heat ing, alum in a being 
formed. It is used as a mordant and for adding to thorium oxide in 
making gas mantles. 

AJuxoiaiuB phosphide AlP is fonno<l by heating Aluminium jMwcler and 
rod phoapijorus ; it is decom|MMw<l by water with evolution of pho9i>hine. 


AiumiDittCD phMphat* AlPO, is formetl as a gelatinous precipitate by 
adding a neutral solution of an aluminium salt to sodium phosphate 
solution ; it is soluble in minernl acids, alkalis and ammonia- A basic 
aluminium phosphate (A10H),(P0.1,.3H,0 is the mineral u'ais/hij. 
Turquoise is A1,(0H),P0„H,0 with part^ of the Al, rct>leced by Cu, 
and Kel‘ (causing the blue colour) and Ca, . 

AJuminium jnlphid* AI.S3 is formed by adding sulphur to fused alu- 
minium, or by passing sulphur or carbon disulphide vapour over a 

strongly-heated mixture of alumina and carbon ; ^,0, + 3C + 3S- 
Al^SSj V3CO. When pure it is yellow. It is completely hydrolysed by 

A1,S, + 6H,0.2A1{0H)3 + 3H.S, 

and only aluminium hydroxide Upreeipitated when ammonium sulphide 
is added to a solution of an aluminium salt : 

Al ••• -t-SHS’ -taHjO - A1{0H)3 + 3H.S. 


Aluminiuni sulphate AI,(SO.), oceure native as hair salt or leather 
alum basic aluminium sulphate AI,(0H),S0..7H.0 is uets/enir. 
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If aluxnina is dissolved in hut concentrated sulphuric acid, tlic liquid 
on cooling slowly deposits an indistinctly cr>*8ta11ine mass of hydrated 
aluminium sulphate AlflKO^)^. IGH^O. This is purihed by rediS' 
solving in a little water and adding alcohol, when an oily supersaturated 
solution separates, w'hieh soon solklihes to lustrous scaly cry^^tals. On 
heating, the crystals intuiucsce and lose water, leaving a white mass of 
anhydrous aluminium sulphate, which dceom(>ose8 at WM)' : 

AMS 0 j 3 *AL 03 + 3''^0a. 

Impure aluminium sulphate is mode by heating kaolin (clay) with 
conccntrate<l sulphuric acid, or bauxite with diluU^d sulphuric acid, in 
the first case silica scjuirates : 

Al = AJjfSOJa + + aHjO. 


The setdctl Mu t ion m cvaporatfHl and the cr>*MlalH presses I . The pr»Klurt 
may contain a cohsuteraMc amount of ferric sulphate (esjiocmilv if bauxite 
IS use<|) which, nh hough it d«>c< not form mixe<l rryHinU with aluminium 
snlphaic. cnnuoi l>e acimnitod from it by crystAlliAathui. The crude mix* 
tiu^, known rw af«»imo*/rrWc. n uscl for the pre^uphotion <»f cm]|<u(|i\| 
matter from sewogo. If the ferrw \» rwhH*eil to a ferriuis nalt. wiy by 
hydrogen sulphulc, the aluminium sulphiito may bo cTvstalljAed out 
•lotie, 


AJuzQs.— Tlie double salts of ahiniiriium sulphate and |K>tAssiuiii and 
ammonium sulphates arc common alum KjS0|,Ah(S04)j, 

24 HjO or KAI(S04 )j,12Hj 0, and ammoniNM alum (XH^ljjSO^.AljtSOj),, 
24H5O or (XHjlAlltSO^Ij.liHjO, rcsjjcclively. They readily crystal- 
lise in octahedrA (aluminium aulphatc does not easily crystallise), 

dJum is made fnun alum tfiaU. f.r. n him ini urn silicate penneuted by 
pyrites Fe;S,. whwh on recasting in hciqn fi*nns nlummiuin sulplmtc, Tho 
roMied shftle is lixivinied (or, if ne<*<vw«xr>‘. Is»iled with suljdiiirio aciill and 
after evapomtum citlier ummomum or |*oiAAwim sulphate or chloride is 
added, when alum is de]>cwited. Poiadi ahiin is pre|Mred from nluntic op 
alum^tfone K,S04,3AI,S0,(0Hh, by rcuwiing with ^cl. exjuising to nir, 
axiviaiing ond crystallisinp : 

K,SO„ 3 AlySOdOH), = Kp< 0 ».AI,(S 0 ,h ^ 2 AI, 0 , + CH.O. 

Alum is made by adding potassium or ammonium sulpliate to a 
solu t ion of alu lu i noferri c. Since a I urn is read il t* purified by reery slo I lisa - 
tion it may be obtainc<l free from iron (u liich gives dull colours to lakes 
in mordanting) much more readily than aluminium sulphate. Alum 
pre)>ared from alunitc, called Roman ithm. althotigh pink from the 
presence of ferric oxide, is quite free from soluble iron. 

Potassium alum when heated melts and loses I lie whole of its water 
at 200 *, forming n white fKirous mass of b«rM/ Above a red lioat 

the aluminium sulphate dccomjmscs. Ammonium alum melts on 
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heating, loses ammonia and sulphuric acid and at a higher tempera* 
turc leaves a residue of pure alumina : 

(NH4),S04,A1j(S04)3>24H,0 **2NHj + 4H8S04 +Al80a + 2lHj0. 

Tl)e name alum is given to all double«sal(8 of tlie type 
t III 1 JJi 

M,SO„R,(S0«)„24H,O or MR(S0*)„12H,0. 

M may be Li. Ne, K. NH«, Rb, Cs,(Ag ?). Tl, hydroxylaminium (NH4O), 
or the radical ot a (|iiatemar)' nitrogen base, such as K(CHa)4. 

lu in nr iir in in ni m in iii in in 

R may be Al. Fe, Cf, Mn, Ir, Ga, In. Ti, V, Co, Rh. R are-earths do not 
form alums. The Kclenate radical SeO, may replace SO«. The alums are 
not stable complex compounds, since in solution they give the ions of the 
component salts. All the alums are isomorphoits, form mixed crystals in all 
proportions and also layer-crystals, i.e. a crystal of any one alum tontinuoa 
to grow in a solution of any oilier. The sodium alum is very soluble and its 
preparation is diflicult ; lithium alum cryslallisea only below 0* ; rubidium 
and caesium alums are sparingly soluble. 

An interesting compounrl is aluniiniua scetylAcstons AlAc,. ivhero 
Acs -0 (CH,>C:CH.C(CM,J = 0 . which is attached by one covalent 

bond and one co-ordinate linkage (p. 418). It is a neutral volatile com- 
pound witii the normal va{K>ur density. Similar com|K>und8 are formed 
with other elements but some are salts : 

(NaAc) (BeAct) [BAc,)X (AlAc,] ISiAc,lX (ThAc*]. 

The atomic weight of tliuaiaium lias been founcl from the ratio Al Dfi : 3AgRr. 
The valency has been found from the atomic heat of aluminium anil the 
vapour density of aluminium chloric lo abo\*e “50®, the vapour density uf 
aluminium aeetylacetone, and the molecular weight of AlCl, in solution ui 
pyridine. 


Galliuu 

The rare element gallium occurs in minute tracw in most specimens of 
*inc blende, and was disco^'cred by the s|>eclroecope in a blonds from 
Pierrefitlo by Lecoq de Boisbauilrati in 1875. It is the tko niutntnmm of 
Mendelceff. Callium occurt in trsc« in Imuxito. in commercial aluminium, 
in the residues of zinc distillation, and in ».me coal ash, It is extmctwl 
from tho by-proiIucU of the JIaii»fel<I r<.i.|»r whaW. Mi.ldlwooro.igli env- 
iron contotoal part 0«ll><immrlteat29-5 and rc- 

mairiB aopcrcoolerl. eo that it ia often liqnid at room (empBrat..r^ 

GeUi,im fonns a volatilo hjdrtd. Tho >* bo 

valent, but aometimea >a appareittly bivaleiit, M in OaCI., winch may 
GaI(GaH'Cl.l, anil GaS. and it ia im.valent m <.«,0 “d Ca.S- 
okUum tricblonde CaCl. (eaaociated in tlw vapour to 0*^' 

h».»g ,!» ™«.l n. ..Ipbu, ..,™r ».l .. 
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decompos^tl by wawr. OaUium suJpbat* i:a.(SO.)a.lOH,0 re*uUly fornw 
alums- No carbonata ia known. il>o li>\lroxule being preoipiteta<l. Tlio 
dark grey gallium nitride OaN. formed by beating the metal in ammonia 
gBS, ia stable to air. water, and dilute acids. 


Indivu 

Indium waa discovered by Reich and Richter (1863) in the spectre* 
scopic examinslion of *inc blende from Freiburg. It gives a dark-blue 
flame coloration. It occurs in all commercial (in ; the Bolivian mineral 
eylvidrUe contains 0* I - 1 *0 per cent . Tlie meto I in |)f©r I pi lated from eo I ut ion 
by zinc end is purilieil ekclr^dyiically. It is soft an<l is not attacked by air 
or boiling water, and has been \tfe<l for footing silver. It bums when hostod 
in air to the yellow indium oxide InsO,. winch is oiudly re<lucod to the metal. 
Indium dissolves ut cold coiwcnlrate<i siilpburk orbydrocldoricacid. and in 
alkalis, with evolution of h>*ilrogcn. 

Indium is normal!}’ tcr%*Alent biit forma Ihrro chlorides, InCl. InCIt 
(perhaps Iiddn^l'CI,)) And InCl,. Indium trichloride m formed by burning 
the melal in chlorine ; when I tested with the n>etal it furms InCI, and InCI. 
Tlie gelatinous indium hydroxide In(OH)a is precipitated by ammonia or Alkali 
hydroxides and is soluble in excess of alkali hy<lroxide. but the sulutinn 
soon becomes turbid. Indium sulphate In, ($ 64 ), f<»rms alums ; indium 
earbcnate Ina(CO,),is ]iroci])i(ate<h with some hydroxide, by alkali carbonoto. 

Thalupm 

In 1861 Crookes observed a brig>it*greon line in the spectrum of a speci- 
men of flue dust from a vitriol works, w’hich ho roganle<l os due to the pre- 
sence of a new metal. Tl>e element was indc|>en<lenlly discovered, and dret 
isolated in <|uantity, by I.amy in 1R62. Crookes gave it the name thallium 
from the Greek Ihailot, a young twig, on account of the colour imparted to 
the flame. The only minerals rich in thallium are crootesiVc (17 per cent 
Tl, with Se, Cu, Ag). and tonndiu TlAsS,. 

ThoUium may be obtained from vitriol flue-dust or from pyrites (from 
which it passes into the fluo-dusi) by dissolving In regia, evaporating, 
precipitating with hydrogen sulphide and then ammonia in the usual group 
separations, and then abiding |K>taasium iodide to the filtrate. A yellow 
precipitate of thallous iodide Til is formed which gives a green coloration 
when heated on platinum wire in a Dun sen flame. If this as reduced with 
xine and dilute sulphuric acid the metal is obtained. Thallous chloride 
TlCI is reduced by fusing with sodium carbonate and potassium evanide. 
TbaUiuin is a soft greyish- while metal, m. pt. d03'6^ ; its vapour density 
corresponds with the formula Tl. It oxidises in moist air, decomposes 
steam at a red heat, and dissolves readily in dilute sulphuric acid and 
especially in nitric acid. It is loss easily soluble in hydrochloric acid, since 
thallous chloride TlCl is sparingly soluble. Thallium compounds are very 
poisonous and thallous sulphate has been used in exterminating ants. 

Thallium forms two 6»'tm of compounds : the tbaUoua eo^ounds TlX 
in which it is univalent and shows axkalogiee with silver and the alkali- 
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metdU. and thetbaUie compouads TIX^ in which it U tervalent and has 
rasernblaneas to aluminium an<l ferric iron. Thallous ioflide Til resembles 
]ea<l iodide Pbl,. Tlio tliallic compounds are essentially covalent. 

If thallium is <lissolve4l in dilute aul|)huric acid an<l the solution evapo* 
ratech thallous sulphate TltSO«« isomorphous with f>otassium sxilplmte and 
forming an alum Tl,.S04,AMS0*)a.24H,0. Is obtaineil. From its solution 
hydrochloric acid precipitates white ihaWous chloride TlCl. resembling silver 
chlorUle in becoming violet on 0!qKMure to light, but differing from silver 
chloride in being sparingly soluble in ammonia. With chloroplatinic acid 
e sparingly soluble cUoropUliaat* TljPtCU, resembling K,PtCh. is fornied- 
lodidea precipitate yellow thailous iodide Til, almost insoluble in col<l water 
bxit dissolving in 830 parU of boiling water. 

ThaUous hydreiide TlOH is obtained in yellow needles by decomposing 
a solution of thallous sulphate with baryta •u'ater, filtering, and evaporating. 
Tho solution is alkaline and turns turmeric paper brown, but then bleaches 
it. If hcaletl out of contact with air at 100* TlOH forms black tbsUous 
osidft Tl,0, dissolving in water to form a colourless solution of TlOH. 

Hydrogen sulpliicle gives a block precipitate of thsUeus lulphids Tl,S 
from alkaline solutions of iliallotw salts. It is suKihle in dilute acids (except 
acetic) but insoluble in ammonium sulphide. Thallous hydroxide solution 
absorbs carbon dioxide forming the soluble thsUeus earboasts, Tl,CO„ the 
solution of which is hy<lrolyse<l. 

Tbsilic chloride, TIC1„4H,0, is formed by passing chlorine into tholloiis 
chloride siw|>cmltKl in water, ami svaporating at 00'- 

On addition of bromine and alkali to a 8«»lutiori of tlinlUuis hydroxide a 
brotsm precipitate of thsUie bydrexide Tl{OH <ir TIO(OH). is formetl which 
]<ises water on lieating and forms re«ldisli.bn>wn ihsllic oxide. TJ,Oj. This 
dissolves in concentrate<l hj-dfochloric acid and forms lhallic chloride TICI, 


(lierrv, 1822). 

sulphide ts a black pilch dike mass obtained by fusing 

tholUum with excess of sulphur. ThsUie sulpbste TJ,(‘S04)„7H,0 is 
bv dissolving thallic oxide in dilute sulphuric acid ; it is decomposed by 
water with precipiution of a l>asic salt TI(0H)b04.2H,0 and forms with 
potassium sulphate a compound K^0..T1,(S04>,.8H,0, which is not a true 

oxide Tl,0». ie aakl to be dei>o*ited on tho anode in*tho electrolysis of a 
solution of TUSO, faintly acidified with oxalic acid. A yellow cr>-aUlline 
:;lr;«icbloAd. TI.CI, i. formed by boating timllium «i.h 
chloride The eplondid black crystalline thallium tn-iodide Til,, ft.nncd by 
dil«tt^ 'niVth a soluti..n of i.Hlino in alcohol «k 1 ov«,K,ratmg. .» a 
thallous poly-iodide TIM,. i»omor|>li«.» with Rbl, and fsl,. aiid not 

to ‘he alkali-metals, load, oluminium. ferric iron, and 

1 1 .1 .Ilium shows a groat diversity of pni|«rtiea ; Uiimaa appropriate y 
god. thalhumshormaB^ „cUls”-the duckbm 

ealle.1 .t , ,i,„Ucd extent in the pro.lurl,en of a ^ 

optical glass, obtained by fusing the carbonate w.th sand and 


red lead. 
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The Rare Earths. 


The substences known as the rare earths arc the basic oxides of 
metals which all belong to the third group in the periodic table. 
Their general formula is M 2 O) : the most stable cerium oxide, however, 
is CeOj, there are oxides PrOj, ^^07 (or Pr,Oi,), and Tb 407 , and 
several compounds in which rare earth metals arc bivalent. They 
occur in rare minerals found in Scandinavia, Siberia, Greenland, the 
United States, and Brazil, usually in the form of silicates. Not only 
are some of these elements present in small amounts in the crust of the 
earth, but they occur mostly in a few special localities. Their com* 
pounds, until the discovery of the monazite deposits of India, Brazil 
and Carolina, were in the hands of a small number of chemists. The 
properties of many members of this group of elements are imperfectly 
kno wn . In addition the elements arc separated only with great d ifficu Ity . 


Crookes concluded in 1887 tliat the rare earths might contain mixturoa 
of cl<^eely related elements, tlie atomic weights of which were very near 
together. He called these mcU'ClMDcay and supposed that many of the 
ordinary chemical elements might be of similar constitution. Improved 
methods of separation of the rare earths have not confirmed Crwkes'a 
hypothesis. 

As an example of the difficidties encountered In this branch of chemistry, 
reference may be made to the separation of an earth called *' didymia," 
regarded as a pure subetance, into samaria and didymia by Lecoq de 
Boisbaudran (l$7$), and the resolution of didymia into two eartlis non* 
dymia and praseodymia by Auer von Welsbach ( 1 885). The ** didymium 
salts were eolourlece but in solution showed absor]>tion bands in the groen 
and red. By repeated crystallisation of the double Na and KH« nitrates 
flom nitric acid two fractions were obtained, one green (praseodymium 
salt) and the other rose*coloured (neodymium salt), showing separately the 
two parts of the absorption spectrum of the original substance. The colours 
are coreplemenUry and the mixture, as In the case of a mixture of eobal t and 
nickel s^ts. Is colourlses. Since neod^miia and praseodymia nearly alwa>e 
^up with the other earths, the abeorption bands In the spectrum, even of 
light reftectad from the sand or native earth, is an indication of the presence 
of rare earths, 

The rare earths often show very beautiful phosphorescwics effects on 
exposure to cathode rays in vacuum tubes, and the phosphorescence spectra 
were studied by Crookes. It has been found, however, that tlis pure eartlis 
are not phosphoreacent but show the effect only in presence of small 
amounts of impuritise. 


earth minerals. — Minerals containing the rare earths occur in 
mlatively few localities and each mineral usually contains a number of 
the eartlu, and sometimee niobium and tantalum (Group V) elements, as 
well as titanium, zirconium, and thorium (Group IV elements). Cerite 
con^ns lanthanum, praseodymium, neodymium and samarium in 
MdiUon to eenum and traces of other ewths; gadolinito contains 
onieQy yttrium, erbium, etc., with only email amounts of cerium and 
lanthanum. 


$20 


INORGANIC CHEMISTRY 


[CHAT 


Sotuo of the bfs$t koown minerals arc : ctriie H»(Ca«Fd)Ce^i 40 | 3 , crthiii 
AIOHCa,<AI,Fo,('e),(Si 04 ),. gttdoliuHt (Fe.l)o),Y^Si,0|*, xtnoiimt YPO„ 
Jtrgtt^niU YNbO,, AuitraiiQn fergu^oniU VTaO,, euxeniU. polytroa^ 
blotnitraruiitt, and prior</e, containing aUu Xb, Ta, and Ti ; eamarrAriVe, 
oontaiiting also U, Th. Xb, Ta : and yttrolanialUe, Y,|Ta,0,)|. An im* 
portnnt source of cerium and lanthanum is monozUt (p 840). 

The rare enrtlis arc usually diridcd into two groups : 

I. Cerite earths : uxulee of lanthanum, cerium, prase<Ml)‘mium, neo* 
dyniium, aamariiim and europium. (Promethium, atomic number 61, in 
the group is an artificial element). 

II. GodoUaite earths : uxidea of jU'UiKlium. yttrium, giuloliuimn, terbium, 
d>’8pruaiiim. holmiuin. erbium, thulium, ytterbium and lutwiiun. 

Separation of rare earths. — The rare earth elements resemble one 
anot h or very closely and are very difficu It to separat c. Tf icy are preei |)i« 
tated by oxalic acid in acid solution, an<l the oxides arc formed by heat- 
ing the oxalates. The princii>al methods of separation comprise : 

(1) Fractional decomposition of the nitrates by heat- 

(2) Fractional precipitation with bases. 

(3) Fractional crystallisation of salts and double salts with ammonium 
nitrate, bismuth nitrate, etc. (the usual method). 

(4) Fractional precipitation of salU with oxalic acid, succinic acid, 
potassium atearate, etc. 

A fractional eo»talliaatif»n is represented <liagrBmmatically by Fig. 380. 
A larm Quantity of solution U aJloweil to crjiilallise and six (say) crops of 
^ ^ crystals an* removwl in sue- 

craaion, rci>re*ento<l by the 
top row of black dols, leav- 
ing a motlicr-licpior repre- 
sento<l by H,. Each crop is 
now* recryAUllised, giving a 
solid ami a muthordi<]uor 
reprceonteil by d<ite anci 
circloe on tl»e woncl line. 

Tho mothar-li<iuor from 
emp I is combined with the 
crystals from crop 2, the 
iTM>ther li<iuor from crap 2 
with tiMJ cr.vstols from crop 
3. an<l so on. TJie solu- 
tions so fcirmcNl are again 
allowed tti ciystnllisc and 
. .. r ♦V... third row aro obtaine*!, ond so the process goes on. 

of resin end the rare earths arc removed in the top layers. 



Fio. 380.-DisgTsm illustrating *cparst ion 
of rsm certlui. 



XI.I) CHEMICAL PROPERTIES OF THE RARE EARTHS Btl 

A solution of ammonium citrate and citric acid is then passed <lown, 
The rare earths are selectively removed and the solution flowing from 
the column contains them in succession. A very complete separation 
can be made in this way. 

The progress of the separation may be controlled by the examination 
of the flame, arc, spark, absoqrtion, and X-ray spectra, and the rare 
earth compounds usually give pronounced and characteristic lines and 
bands, many being coloured. The X-ray spectra are particularly 
important in having settled the number and individuality of the rare 
earth elements. 

Chemical properties of the rare earths. — The rare earths occupy a 
place between the strongly l>asic alkaline earths and weakly basic 
alumina, the least basic being scandium oxide and the most basic lan- 
thanum oxide, which absorbs carbon dioxide from the air. The salts 
are not usually hydrol^'sed in aoluUon. Some salts and oxides are 
coloured. 

The colours of salts ere : 

(ti) Ce^'' orange. Pr giee n . Nd Sm io|ta£-yi'l]ow, Bii pale rose. 

(6) Dy yellow or green. Ho yellow or ontn-jp, I> deep rose, Tm bluiah- 
green. 

8alti of other rare earth elements are colourless. Traces of a coloured oxide 
may give an intense colour to a white oxide : 1*5 per cent of terbium oxide 
rendcTs gadoUruuni oxide ochre 'brown. 

The sMtais arc obtained by the electroly’sis of the chlorides, or by 
heating the chlorides with alkali metals (Klemm and Bommer, 1937). 
They are yellowish- white, brilliant and fairly resistant in air. On 
beating they absorb hydrogen or nitrogen, forming hydrides (e.g. LaH|) 
or nitrides (e.g. LaN). Metallic cerium mixed with lanthanum and 
other rare earth metals 1$ obtained by the electrolysis of the chlorides 
of the metals In the residues from the extraction of thorium from 
monazite {p. $40). The mixture, called " mixed metal," ia used in alloy 
with iron in automatic lighters, since when abraded It throws off showers 
of hot sparks which will kindle coal gas or petrol vapour. 

The hydroxides are precipitated by alkali and are insoluble in excess : 
lanthanum hydroxide turns moist red litmus paper blue and (also the 
oxide) absorlM carbon dioxide from the air . The osd«i, generally M,Oj, 
are obtained by heating the nitrates, hydroxides or oxalates in air. 
They are mostly amorphous and dissolve in dilute acids even after 
Ignition. On addiUon of hydrogen peroxide and alkali, parosid* hydraUs 
are precipitated from solutions of the salts. 

The anhydrous chlorides MCl^ are obtained by heating the oxides in a 
stream of chlorine mixed with carbonyl chloride or sulphur chloride 
vapour. They are non-volatile and soluble in water, alcohol and p 3 rTl- 
Lower chlorides (reducing agents) are SmCl,, EuClt and YbClg. 
The sulphides MjSj (also LajSf and Pr^^) are hydrolysed by water and 
are prepared by dry methods, e.g. hcatiiig the anhydrous sulphates in 
hjdrogen sulphide. The sulphates >I^S 04 )j do not form alums ; those 
of the gadoUnite earths usually crystallise with SH,0. The nitrates 


822 INORGANIC CHEMISTRY [crap 

M(N 0})9 usually crystallise with BH^O and are isomorphous with bis* 
muth nitrate. Since the rare earths (except scandium oxide) are fairly 
strong bases they form normal earbooates 

C«ham forms two series of compounds, the eerous CeX, and ceric CeX«. 
The eerous aalts are stable and colourless, usually similar in composition 
to and isomorphous with the corresponding compounds of other rare earth 
elements. Cerium dioxida CeO|. tl\e stable oxide, contains quadrivalent 
cerium, and eerous oxide Ce«0« is obtained by reduction of (lie dioxide with 
calcium. Cerous bjdroiide Ce(OH )9 is formed as a white precipitate on 
addition of alkali to solutions of eerous salts but is rapidly oxidised by air. 
becoming red and violet and Bnally pure yellow when eerie hydroxide 
Ce{OH), is produced. 

Cerium dioxide is a white powder with a faint yellow tinge if traces of 
praseodymium are present, arid the commercial oxide is usxially yellowish* 
brown. It Is used in gas mantles (p. d4d). A yellow solution of ceric 
sulphate Ce(B 04 )i, made by dissolving OeO| in sulphuric acid, is an oxidising 
agent and is used in volumetrie anal)*sis. 

Atomic structure of rare earth elevsDU.— The peculiar position of the 
rare earth elements in the Periodic Table and their chemical properties were 
explained by Bohr on the assumption that tho 4/ quantum level is empty 
as far as lanthanum, the electrons going into tho higlier levels 5s. 6d and 
6s by preference, since some of these represent lower energies (p. 451). Only 
when these are partly filled does the 4/ level begin to li 11 up, and as tliis 
requires 14 electrons to complete the group of 32 in all the 4*quantum 
levels, there will be J5 rare earth elements from lanthanum to lutecium, 
inclusive. Each has tho same extomol electron conliguratlon and hence 


At. no. 

Ele- 

ment 

Numbers of electrons 

* 

Coloum 

of 

U'ioo 

VsTeneiss 

u* for 
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6« 
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6s 
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6? 

La 
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3 

0 
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Co 
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59 
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3.4 
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2 
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Sm 
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2 
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64 
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3 

79 

65 
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3 
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2 
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45 
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3 
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U 

2 
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V0iy similar chemical properties, and the atoms diPTcr only in the nuclei and 
the number of electrons in the deep inner 4 'quantum level. In hafnium the 
5d level contains two electrons which, with t he two electrons in the Os level, 
make it quadrivalent, so that it belongs to Grotip I\'. 

Owing to the incomplete inner 4/ levels from to Vb. the rare earth 
compounds are (i) often coloured and (ii) paramagnetic, and they are 
/roMSdionol elements in the wider sense. The ions Sc***. Y***. La***, 
Ce**** and Lu * ** are diamagnetic, ^nce they either liave no 4/ electrons, or 
in the case of Lu***» a complete 4/ group. In Ce**** tlte single 4/ electron 
has functioned as a valency electron and has been removed. The ions from 
Ce*** to Yb*** have 4/ electrons and arc paramagnetic. In the table, 
gives the effective paramagnetic tnomentof the lorvolent ion. The active 
electrons in the 4/ leveb are partly screened by tlu) con>plctc<l 5s and 5p 
levels, and except in tlie case of cerium do not function as valency electrons. 
The so-called contreuiton is sliown by the radii an A. of tlxe 

3 .valent ions : 

Sc 0*83 Y 106. 

La 1*22 Ce M8 Pr M6 Nd 115 Sm M3 Eu M3. 

Od Ml Tb 1-08 Dy I 07 Ho 105 £r I 04 Tm I 04 Yb 100 Lu 0<99. 

With Sc and Y (non* lanthanide) there is an expansion of 0’23A, whilst in 
passing from ta to Lu (lanthanide) tlaere is a total contract icn of 0*23 A. The 
introduction of an electron into the 4/ level, deep witiun the atom, pro* 
duces only a negligible effect, whilst tJie increasing nuclear charge oxerta 
on increasing attraction on the outer valency electrons {the same in all tho 
elements from La to Lu) and hence gi>*ee rise to a contraction. 

Element Ko. 61 is a member of the rare earth group but does not aoom 
to occur naturally. It is formed by neutron bombardment of neodymium 
end lias been called prouMthioa, Pin s 

‘SSNd+J»-‘}jNd: ‘JiN(l = '{iPra+p-. 

It hsa been obtained in milligram amounts ss part of tlie dssion product of 
unoium which contains the rare earths. 

AcTunuu 

This is a natural radioactive element derived ultimately from the uranium 
isotope ••*U and directly by «.ray change from protoectiniura (p. 402). 
Milligram amoimls Ixave hm made artificially by neutron irradiation of 
radium : 



Actinium undergoes a branch change disintegration, most of it forming 
ro^oactinium by a ^-ray change as shown on p. 402 but about 1 per cent 
underg^^ «.ray change to form francium (p. 716). Actinium forms an 
en^ation, the first product of the decay of wliich is actinium A. This 
Wergoes a branch change, nearly all of it forming actinium B. but a very 
mmuto amount forms astatine, a seventh group element : 

« McB\J 


CHAPTER XLII 
GROUP IV JifETALS 

The fourth group contains two non •metals, carbon and silicon, and 
seven metaU. 

Sub'Group 6 (Odd 8«ri«s) 

C Si Ce Sn Pb 

Atomic number . • 0 14 32 50 82 

Blectron confiffuralion 2-4 2‘8‘4 2‘d-l8‘4 2 ft l8‘l8'4 2-8*l8‘3M8‘4 


niom. Gnii*b. 

• 352 2 25 2*40 5 35 

. 3'4 5*3 114 13*5 


7*3 

10*3 


11*34 

18*27 


3500’ 

1420* 958-5* 

231*84 

• 327-3'* 

4200* 

2000* 2700* 

2200* 

1820* 

8ub>Oroup 0 (Em Ssnts) 


Ti 

Zr 

Hf 

Th 

22 

40 

72 

00 

8- 10-2 

2-8* 18 10-2 2-8-18*32 10*2 

2*8*18*3218* 

4*50 

8*53 

1307 

U-3 

10*04 

14*0 

13*00 

20*5 

1725^ 

1800* 

2200* 

1845* 

3000* 

>2900* 

3200* 

>3000* 


Density 
Atomic volume 

Melting point 
Boiling point 


Atomic number 
Electron con Hgu ratio 
Density • 

Atomic volume • 

Melting point • 

Boiling point • 

Ajjart from tin and lead the elementa have high melting poinU, and 

all have very high boiling points. . i *1 ^ 

The diJfercnces between the odtl and even series are ill-dcfincd anti iJie 
electrochemical characUrs arc not very prtmounccd. the group forming 
the transition between the electropositive (hase.forming) elements ot 
Group III and the electronegative (acid- forming) elements of Group 
The group as a whole occupies the michlle of t ho i>enods it comprises and 
hence hfts a somewhat neutral character, this bcinf? part.culnrly marW 
in the case of carbon, which has only covaloncy and no electrochemical 

character. 

r-sL 1 • • • ^ t h A nrouT) I V element* into t ho t serice Ge. Sn . Pb and 

o“ Si, .i... » ^ „o,. .s- s- 

524 
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this respect the 6 or odd series differs from those of earlier groups, in which 
the electropositive character decreases witli increase in atomic weight. 
Mendel^eff grouped C and Si with Ce, Sii, Pb {os here), whilst Lothar 
Meyer groupetl tliem witli Ti. Zr and Th. with whlcli (e^. in their high 
m. pts.. formation of covalent oompoun<is and tlieir predominating quadri. 
valency) they show close analogies. 


All Group IV elements show some amphoteric character, correspond* 
ing with their position between the positive elements of Groups I and II 
and the negative elements of Groups \'-\‘II, and this is probably re* 
lated to their capacity for forming complex acids, wdiich begins uitb 
Si (Abegg, 1909). In the group Ti to Th, Tli alone forms definite oxy* 
salts and is the most c)cctro()ositivc element of the wltolc group. 

Tlie elements C, Si, Ge. Sn and (iHwsibly) Pb all form Aydridca 

EH 4 (Cand Si also furro others, in which the element is always 4* valent), 
the stability decreasing with increase of atomic weiglit, so that PbH^ 
has only a doubtful existence. The otf^er elcmettts all absorb hydrogen 
and may form solid hydrides. 

The elements all form volatile covalent MmcAhrtdes RCI 4 , which 
except CCI 4 arc hydrolysed by liquid water. Tin and lead form lower 
cldorides SnCl, and PbCI) which arc very stable. 

0, Si and Ge all form cAloro/ormt RHCI). The b.pts. of the halogen 
compounds In the two sub*groupa are : 


CCI 4 7C*7* 

CHClj 6I*2* 

Tia* 1364* 

Sia* 66 ' 8 ’ 

SiHa, 31$* 

Z 1 CI 4 sublimes 

GeCl* 86'5* 

OcHCI, 75 2* 

HfCl 4 

SnCl 4 114 r 

— 

ThCli m.pt.820^ sublimes 

PbCl| decomposes 

— 



Silicon is somewhat anomalous. OxycAlorutea ROClj are formed by C, 
Si, Ge, Zr and TIi. 

The typical cxide is RO^, stable in the case of all the elements, and on 
the whole weakly acidic {true peroxides, usually hydrated, are formed 
only in sub-group a). Lower oxides are also known, and in the case of 
Sn and Pb the bivalent compounds are generally most stable, the only 
stable compounds of 4-va]cnt Pb being PbO« and some complex com- 
pounds. The oxides SnO and PbO are distinctly basic thougli ampho- 
teric. All the dioxides except 00^ have high m.pts., but tins really de- 
pends on the lattice structure (p. 659) ; only CO* forms a molecular 
lattice of high volatility, whereas silicon shows a great reluctance to 
form double bonds and SiO, is a crystalline solid in which each Si is 
linked by BingU bonds to fou r oxygens. The high m. pts . of the elements 
C, Si, Ge, Ti, Zr, Hf and Th are also a result of lattice structure, as they 
(and also grey tin) form diamond lattices. Bivalent lead shows close 
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analogies with barium, PbSO^ is very sparingly soluble and is iso- 
morphous with BaSO^, with which it often occurs. 

Titanium dhows valencies of 2, 3 and 4 and is a member of a transi- 
tional scries : Ti, V, O, Mn and Fe (p. 431). 


Tdj 

History. — It is supposed that aome Egyptian hieroglyphics and the 
word btdil in the Old Testament refer to tin, and tin articles occur at least 
as early AS the Eighteenth Dynasty (c. 1400 b.c.) in Egypt. The metal is 
mentioned by Homer as Jtossi/eros, and Pliny speaks of nigrum 

(lea<l) and plumhum eandidum (tin), obsen'ing that the latter was brought 
from the Islands of Cassiterides in the Atlantic. This refers te the British 
Isles, an<l the island Ikiis on the coast of Britain which (according to 
Diodorus Siculus) was separated from the mainland only at high water, is 
^t. ^^ichas^8 Mount, Cornwall. The metal was afterw'ards called sfonnvm. 


Occurrence. — Traces of native tin have been reported in Siberia, 
Guiana, Bolivia, and Netv South Wales, but the only important source 
is the ore tinst<ynt or orestfenVe, the crystalline dioxide SnOt« which is 
found in Cornwall, the islands of Banca and Singkep (Dutch East 
Indies), the Malay Peninsula and Burma, Nigeria and South Africa, and 
Bolivia. It occtirs either massive in lodes or veins or as an alluvial 
deposit {airtam fi»). It is a dense mineral, easily separated from lighter 
rocks by washing the crushed ore. If uW/rom (ferrous tungstate, 
FeWO*) occurs with the tinstone It cannot be separated in this way, 
since its density is the same as that of tinstone ; it is removed by roast- 
ing and electromagnetic separation (p. 6), or by heating with soda -ash, 
when soluble sodium tungstate is formed. 

Metallurgy.— The ore after separation from ganguc, wolfram, etc,, 
may be smelted. '* Tin concentrate " which contains iron pyrites, 
arsenical p>Tite8 or copi>cr sulphide is first roasted in an inclined re- 
volving tube-fumacc (Oxland and Hocking s calciner). The sulphur 
and arsenic are expelled as sulphur dioxide and arsenic trioxidc 
(As,Oj), the latter being condensed in chambers. Copper and iron form 
oxides and sulphates- The calcined ore discharged from the lower end 
of the furnace is cooled and soaked in water to remove copper sulphate 
which goes into solution (from which copper is recovered), and feme 
oxide and light matter which are washed away. The treated ore, known 
as black tin. is mixed with ground anthracite coal and some hme or 
fluorspar to form a slag, and smelted in a r^verWatory or a shaft fur- 
nace C Cornish tin-castle *') : SnO* + 2C - Sn + 2CO. The slags contain 
much tin and must be worked up by smelling inablastfuraacc 

The tin is refined by liqnalior,. U. by boating 
liearth of a reverberatory furnace, when the readily fusible tin fio 
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away» leaving a dross con^ting of an alloy of tin with copper, iron, and 
aisenic. The metal is then fused and “ poled ” with billets of green 
wood, when the remaining impurities separate as a scum and the pure 
metal is obtained. Good commercial tin is 99*00 - 90*97 per cent pure. 
The scum and dross are worked up by smelting. 

Proparties.^Metallic tin has a bright white colour and a low melting 
point. When heated to 200® it becomes brittle and can be broken by a 
hammer into pieces called ^raiR'tiR. On slowly cooling molten tin. 
crystals are formed. The metal is not very ductile and is too aoft to be 
drawn, but it is very malleable and can be rolled into foil, w*hcn the 
eryatailine structure is destroyed. A bar of tin emits a creaking noise 
(*’ cry ") when bent. perha|»s due to a mechanical twinning of the 
crystals. (Zinc and cadmium behave similarly). Since tin is not easily 
oxidised at the ordinary temperature, tinfoil is use<l for ^Tapping 
chocolate, etc., and tin tubea for containing tooth*pas(e. The lustre of 
tin is not impaired by exposure to air or water, separately or conjointly, 
whereaa lead U attacked. Tin readily alloys with iron and copper. 
TinplaU is made by dipping clean ahects of iron (given a bright surface 
by pickling in dilute sulphuric acid) into molten tin covered with 
melted palm oil. The aheet then |>asses under a partition into molten 
tin covered with melted fat, and then through rollers to remove super- 
fluous metal. 

Tin is recovered from scrap tinplate by the dttinnin^ process. The 
material la washed w*ith alkali to remove grease, rinsed and dried, and 
treated with chlorine gas in iron cylinders, kept cool. Volatile stannic 
chloride SnCl^ is formed and the residue of iron scrap is hydraulically 
pressed into blocks and smelted. 

When ordinary tin is strongly cooled it crumbles to a grey powder of 
smaller density (5*S). The change is quickest at -50®. Orsy Ua is an 
enantiotropic form (p. 451) the transition point is 13*2®. White tin 
is metastable at a lower temperature and in cold climates, t.g. in 
Russia, tin sometimes falls to powder. (Aristotle seems to have knou'n 
this,) 

Tin is precipitated from a solution of a stannous salt by sine, iron or 
aluminium ; a piece of sine suspended in the solution deposits a bright 
crystalline " tree and large cr>*stals are formed by adding a suspension 
of sine dust to stannous chloride solution. 

Tin oxidises when fused in air ; the grey scum or dross forming on the 
surface is a mixture of tin dioxide and unchanged tin and on beating in 
air it is converted into tin dioxide SnO^. which is yellow when hot but 
becomes white on cooling. At a white heat tin bums in air with a 
white flame. At a very high temperature it decomposes steam : 
Sn -i- 2H{0 eSnO) 2H). Tin combines with chlorine and with sulphur. 
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Tin is only slowly attacked by dilute hydrochloric acid, but readily 
dissolves in hot concentrated hydrochloric acid forming a solution of 
sUdaous chloride: Sn -h 2HCI sSnCl, Dilute sulphuric acid does 
not dissolve pure tin, but hot concentrated sulphuric acid gives stianoiu 
sulphau and sulphur dioxide, and some sulphur also separates, as with 
zinc: Sn + 2 H^ 04 *SnS 04 +SOj + 2HjO. 

Dilute nitric acid slowly dissolves tin forming stannous nitrate and 
ammonium nitrate r 


4Sn + l0HNOj-4Sn(NO,),+NH|NO5+3H,O. 

Aqua regia easily dissolves tin, forming stannic chloride ; phosphoric 
acid dissolves tin to form stannous phosphate SoHRO^. Pure tin is not 
attacked by boiling concentrated sodium hydroxide solution. 


Concentrete<l nitric acid free from water baa no action on tin, but in 
presence of a trace of Mater it acts violently, |>roducing red fumes sn<l 
forming a smell quarttity of soluble tin salt with an abundant >vhite 
resithie of byclrated staruiic oxide, somsliines called mstaatannie acid 
HiSn»Oa (t). Ikiyle (1075) remarke<l that '* aqua Jonh eau up more tin 
than it disaolves/' 

Tin forms important alloy*, bronse (p. 722). A mixture of I part of 
lead anti 2 parts of tin is t»r«linar)*>fnc*aoi<fcr (ao/^-aoWer consisU of equal 
parts of tin aniJ lea<l, cl*eap solder is 7 leail ami 3 tin). OM pewfer contalira 
4 parts of tin and 1 part of lea<l. usually with a little antimony. Britantiut 
mffni and moitern pruirr consist of tin. antimony end copper. Phatphor 
(in is a white rncialhc coarwdy cryatalUne mass formed by adding phos- 
phorus to molten tin. 

Tin Cowpousns 


Tin forms two series of compounds : the lUanoua cwapeundi SnX, 
in which tin Is bivalent, and the rtanaic ceenpeuad* SnX* in which tin 
is quadrivalent. The sUnnous compounds readily oxidise to stanmo 
compounds, and sUnnous compounds arc reducing agenU- 

A solution of stannous chloride adde<l to a solution of mercuric chloride 
gives first a white precipitate of calomel and if odded in excess a grey pre- 
cipitate of metallic mercury : 

SnCl, + 2HgCl. sJ^rtCI* + 

NnO, 4Hg,n, + 2Hg. 

Stannous chloridff a.l.ird ,o a solution of f-rric cMori.le and 
fcrrioyanidc gives a proripitnlc of Pn.«iHn bl...-, o.ving 10 tlic reduction o 

the ferric salt to a ferrous salt : 

2K©'" +Sn'’ = 2Fc" +Sn . 

Stannous oxi.lo Snt) L. more basic Ibnn tin .lioxi.le SnO,. ^ 
foebic acidic propcrI.M forming sUnaiWs ami sUnnaMs, r.j. Nar''''0. " 

of the stannic ion Sn is dotibtful. 
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Stannous compounds. — Tin foil or granulated) readily dissolves 

in hot concentrated hydrochloric acid to form a solution of sUonovs 
chloride: Sn + 2HCI aSnC]| + On evaporating and cooling, the 

solution deposits trarispareni readily fusible crystals of SnCl|,2HfO. 
They lose some acid on heating and anhydrous stannous chloride is best 
prepared as a transparent glass by passing hydrogen chloride over 
heated tin. It is soluble in alcohol or ether, melts at 246^ and boils at 
803", the vapour being associated : Sn^CIi ^ 2SnClt. The fused clilorido 
is an electrolyte. The crystals of hydrated chloride, known as ^in 6aUy 
do not give a clear solution except in a small amount of water or unless 
hydrochloric acid is added ; with much water whito staanous osychlerld* 
25n(0H)CI,H20 is precipitated. Unless granulated tin is added the 
acid solution quickly becomes turbid from oxidation, stannous oxy* 
chloride being deposited and stannic chloride remaining in solution r 
OSna, + 2H,0 + 0, - 2SnCl4 + 4Sn(OH)Cl. 

With concentrated hydrochloric acid stannous chloride forms crystnllino 
bydroehlorottsaaou acid HSnCIs.SH^O, and in solution HiSnCl^. These give 
stable crystalline salts, the cblorosunartas. e.p. (NH 4 )fSnCl 4 . StAnnoua 
chloride forms several compounds w*ith ammonia. 

Staaaoui bromids SnDr,. m. pt. 215*5*1 is light ^'ellovr and is prepared in 
a similar way to stannous chloride. Stanooias iodide SnI,. m. pt. 310*, is 
red : 8nIa.2H,0 crystallises from a solution of stannous clilorUie and 
potassium iodide ; it is sparingly soluble in water but dissolves in hydriodic 
sold to form HSnIa. salt* of which are known. 

Sodium hydroxide solution added to a solution of stannous chloride 
gives a white precipitate of bjrdntsd lUaaom oiMs, 3Sn0.2K|0. On 
heating this loses water and forms stsseow oxide SnO, a black crystalline 
powder. Stannous oxide Is also formed by heating stannous oxalate : 
SnCt 04 m SnO + CO + CO,. It smoulders when heated In air, formuig 
tm dioxide SnO,. The precipitate of hydrated stannous oxide is 
soluble in acids forming stannous salts, and in alkali forming itsanhM. 

Na,SnO|. The stannite solution has strong reducing properties ; it 
is unstable and deposits black SnO on standing. Very concentrated 
alkali decomposes hydrated stannous oxide into spongy tin and a 
solution of sodium stannatc : 

2SnO + 2NaOH - Sn + Na,SnO, + H,0. 

SUsAouft sulphide SnS is formed as a broum precipitate when hydrogen 
sulphide is passed into acidified stannous chloride solution, or as a 
gtey crystalline mass on heating tin aith sulphur. The hrown piecipl- 
tate (black when dry) is soluble in hot concentrated hydrochloric acid 
(arsenic trisulphide is insoluble) ; it is insoluble in alkali sulphides if 
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these are from escees of sulphur, but dissolves resdily in the poly* 
sulphides, i,g. yellow ammonium sulphide, forming thioiUansUs : 

SnS + (NH*),Sj - (NHJsSnS,, 
from which acids precipitate tUinnie sulphide : 

(NH4)^i^5+2Ha -2NH^Cl +H^ +SnS2. 

Stannous fu]phst« SnSO, ts best prepared by boiling tin with copper 
sulphate solution acidified with sulphuric acid, filtering from copper, 
evaporating and crystallising : 

CuSOa + Sn « SnSO^ * Cu. 

Stannic compounds. — Tin resembles carbon and silicon in forming a 
a gaseous fia bydiide SnK 4 . 


Tliis is obtained, mixed with hydrogen, by the action of hydrochloric acid 
on an alloy of tin and magnesiuni. The piwe compound is prepared by 
electrolysing a solution of tin sulphate containing 0*5 per cent of dextrin 
between platinum electrodes, washing the hydrogen (containing 0*01 per 
cent of SnH«) with water and alkaline lead acetate solution, drying by 
passing through tubes cooled at - 80* to - 100*, and condensing in liquid 
air ; the solid melts at - 150*. The liquid is then fractionated at low 
temperatures. The gas is stable in a glass vessel for somo days at room 
temperature, but is rapkily decomposed in presence of minute traces of tin 
and in contact with CaCh and P1O4. It decomposes rapidly and completely 
above ISO*, does not react with dilute alkali, dilute hydrochloric acid, 
dilute or concentrated nitric aci<t. copper sulphate or len<l acetate, but is 
absorbed by concentrated sulphuric acid or concentrated alkali. soli<l 
alkali, soda lime and silver nitrate solution (giving a black precipitate 
containing tin and silver). 

Siaufio balidsi are : 

SnF.. SnCh. 8nDr«. Snl«. 

M.pt. . . • Sublimes -33* 30* 143-6" 

B pt. . • • 705* 114 1* 293* 340* 

Density * • 4-78 2«234(I6*) 3‘340(35*) 4 C96 

Solutions of halogen compounds of qtiadri valent tin contain the un- 
ionised subetances and hydrolysis products, e.g. colloidal st^ic oxide; 
the solution in hydrochloric acid conUins the ion SnCI,", and it is doubtful 
if the etannic ion Sn**” is ever present. 

Tin combines at room temperature with chlorine gas to form a 
colourless volatile strongly fuming liquid chJorid., discover^ by 
Libavius in 1605 and called spirits fumans Libarii. He obUincd it by 
distilling tin with mercuric chloride ; 


Sn + 2Hga, - 2Hg + SnCI.. 

It is conveniently prepared by passing dry chlorine to the bottom of a 
cooled vertical tube containing granulated tin until the 
converted to liquid eUtinic chloride, which .s then ^still^ (b- 
lU l"). The vapour density corresponds with the formuIaSnCl*- 
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ftemaU quantity of water it dissolves with evolution of heat, forming o 
clear solution from which crystallmc hydrates are obtained. The 
hydrate SnCl^tSH^O is prepare<l in commerce and called oxymuriate 
of tin or butter of tin Stannic chlorklc is obtained in detinning 
scrap tinplate (p. 827). The hydrate is used aa a mordant, especially 
for silk, and in " weighting silk. By acting on SnCl 4 , 5 HtO with 
hydrogen chloride gas and cooling at 0 *. crystals of bjrdrocUorostaanic oeid 
H^SaOli.CHfO are formed. Direct combination of stannic chloride 
with alkali chlorides gives ehlomtaansUs. t.g. (NH^i^nCli, which 
crystallises anhydrous and uas fonscrly used as a mordant in dyeittg 
iDadder*reds and pinks (h^nce it was called pink salt ") ; it has been 
superseded for this purpose by SnCl 4 . 5 H.O. Stannic chloride com* 
bines with many substances such as PCI 4 , POCI 4 and NH), forming 
SnCl 4 ,PCi 4 , SnCl 4 ,P 0 Clj, and SnCl 4 , 2 NHj. 

fiUaaie bromide SnBri. a white fuming cryatalUne solid, ami tuonic iodJds 
Snl«, yellow stable octaliedral crystals, are formed directly. Tt^e fiuorids 
8 nF„ from SnCb and anhydrous HK, formi white deliquescent cr>‘sui Is. 
It foiTns complex salts, KtSnF«, analogous to Duos ilica tee. 

SUnsie aide SnO| is formed by heating tin in air and by heating the 
product of the action of concentrated nitric acid on tin. It is a soft 
white powder, called puity powder and used for polishing and for 
making opaque milk-glasa and white glazes. It has acidic properties, 
forming lUanitM with alkalis : 

SnO| + 2NaOH as Na^nO, + H,0. 

Thty are hydrolysed by water and react alkaline. 

Sodism stonaste Na^n0),3H,0, used as a mordant, is prepared by 
fusing tin dioxide with sodium hydroxide, extracting with hot water 
and crystailising. The ignited dioxide (or the mineral tin-stone) is in* 
soluble in all acids except concentrated sulphuric, and does not dissolve 
in aqueous alkalis. It can be brought into solution only by fusion with 
caustic alkalis or alkali sulphides (forming thiostannates). Ortho* 
stannates are rare ; the green cobalt salt Co 2 Sn 04 is obtained by heating 
the oxides with a flux . Potassium and sodium stannates KiSnO^.SHgO 
and Na,SnOs,dH ,0 have been formulated as K|(Sn(OH) 4 ] and 
Na 4 [Sn(OH)|], analogous to K*SnCl 4 . since Uie water cannot be re- 
moved without decomposition and K,(Sn(OH) 4 ] is isomorphous with 
K»(Pt(0H)4]. 

CoUddsl lUanie sdd, formed in solutions of stannic chloride in water, 
fcaddy gelatinises. The precipitate is soluble in excess of potassium or 
sodium hydroxide, forming a sUnnate. Acids precipiUte from this a 
gelatinous »- TUnn 1 r odd which on diying at 100 ® has the composition 
H^nOj and is soluble in dilute acids and alkalis. The solution in 


^^32 IXORCAXIC CHEMISTRY fcnAp 

hydrocliloric acid U identical with a solution of stannic chloride in 
water. On standing this solution slowly deposits ^.sUiuuc acjd. 

By the action of fairly concentrated nitric acid on tin the Bnal pro* 
duct is a white cunly |>owler of hyclrate<l stannic oxide, which differs 
from a-stannic acid in being insoluble in dilute acids. It is slightly 
soluble in water and the solution reddens litmus. ThU variety of 
liydrated stannic oxi<le is called ^•suanie acid or metastannic acid. 


It wnsgivcn the formula HtSn40,t but the pn>|M)rtion of water is variable 
and the difference between the a- and ^'acids aeema to be due to sometliing 
more than varying hy<lrati»m. They have been regardwl as colloids with 
particles of different size*. Mctasiannic a^'id adsorbs phosphoric acid' 
almost quantitatively from >«>lutH>ns and may be iiaml in the separation of 
this acid in qualitative analyaic^. alt hough ii is not altogether satisfactorj'. 

13uth and ^'Stannic' acids are soluble in alkali hydroxide and carbonate 
solutions and are reprccipilattHl by acids with their original pro|>crties. 
Boiling conc'cntrated sulphuric acid dissolves ^'Atannic acid and wlicn 
the cooled solution is poured into water a*stannie aeid is precipitated. On 
fusing jd'Stannie acid with alkali an a*stonnate is formH. 

tf'Stannic acid when dried at 100 has tlic composition K,SnO, : ^.stannic 
aeid when dried in vacuum was found by Krcmy 1 1^48) to contain 11*3 |>cr 
cent of water, and from Ihisond theeomiKwitinnof Ihesaltshendopted the 
formula (H,SnO,h. r.r. H,.Sn»()i,.4H,(). and calhsl it meUiUnaic scid. Cold 
solutions of alkalis form sparingly soluble metssuaostss e.g. Xaaljn4OM.4Ha0. 
a crystalline powder, from which ari<lt reprccipitato ;S*Atannic acid. 

Eiigi‘1 (1897) by theoctionofconc<*ntmti‘<l hydrochloric arid on^-Htannic 
aei<l obtained ft gelotinous moss, portly sohibU' in water, The lilt rate gives 
with hydrochloric oci<l ft white pf»-eipiiate which on dr>ing in vm'mim 
forma a glow of the eompiwition Sft|<),<*l,.4H,0, soluble in dilute .hydro- 
chloric acid, but rcpreeipitalc*! by the ciinwntraletl acid. It js enJIwI 
A.slanayl cbJorids or metasUnsjl chJentfs. (>n Ik m ling or adding sulphuric nci<l 
to the solution /S-stannie acid Sn40d<>Hh,4H,() is quickly precipitated, 
The white powder obtained by the net ion of concent mted nitric ftcid on tin 
may be the corresponding nitrate, Sn»(MNO,h.4H,t). 

If fi.staxmic »cid is heated with water at 100 '. it passes according to 
Kngel into psrsstsiuiic seM. HtSn^O.i.SH.O, which with hyilroeldoric ocid 
forms a chloride Sn40,a,.2H,0. Kleinsehmidt (1918) w« unoble to pro- 
pare parastannic acid. Engel's results may be summarised as follows : 

Dried in sir Dried at lui K «U a.bride 


Aeid 


Or t hoAJ «nn ic H 
Motasiannic 
Parastannic 


F Elsss SSifeffii ifeas 

shim sTdpJiate. found the water content vaiinble. and conrluditl (hat I 
aKwOOHodx- end ^-:.tannie adds arc coIUikIoI hydratCHl stannic oxi 
partkles of diffeJent sises. lho«- of ^-stannir acid being larger. f 


SnCl, 
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X*ray patterns of botJi are UlenticAl that of natural caeaiterite 

or SnOa. 

The different chemico) properties are (Jilftciilt to explain on this basis. 
Thieesen and Komer {1931 ) found six breaks in the <iehydRition eurvtt of 
hydrated stannie oxide corresponding witli *. 2. J, |, 1 and |H,0 for I 
molecule of SnO,. 

PersUmuc acid corresponds with the unknown pennidt SnO,. By grinding 
stannic hydroxide with 30 per cent H,0, at 70® anti drying the residue. 
HSnO«.2HaO is obuined ; if dried at 100® HaSnaO}.3Ha6 is formed. By 
traatbig a stannate in the same u*ay pentaa&ates, t.ff. KSnOt.2HaO. are 
formed (Tanatar; 1005). 


Stafiflie sulphide SnS^ is formed by precipitating a solution of a stannic 
salt with hydrogen sulphide. The precipitate U liglit yellow but becomes 
black on drying ; it is a mixture of tin dioxide and disulphide. Crystal- 
line SnS| is obtained as a residue of golden •yellow* glistening scales called 
mosaic (fold by heating a mixture of tin amalgam or filings, sulphur and 
sal ammoniac, as described in a fourteenth -century Naples MS. : 

2Sn + 0NH,C1 .r2S ^SnS, + (NHdiSnCl, .I.4NH, +2H,. 

It Is insoluble in acids but dissolves in regia or alkalis. 

Sodium ortboihiMtABAM* Na4SnS4,l8HtO is formed by heating sodium 
stannate solution with sodium sulphide. From a solution of (t boiled 
with precipiuted SnSt> the EMtaOuMtaassts Na^nS,.SH|0 crysUlKses 
at room temperature. The meuthiostannate is also formed by boiling 
tin and sulphur w'ith a solution of sodium sulphide. 

The atomic vai|bt of tia is found from the analysis of SnCIi and 
SnBr, ; the valency is found from tlie vapour densities of and tin 
Iriethyl Sa4(CtH4)4, and the atomic heat of tin. 


Lead 

Hist^.— The meui lead is easily reduced from iU oree and wee known 
jn ^ient Babylonia and Egypt j it occurs in early bronzee and a small 
status in the British Museum is attributed to the Fiiet Dj-nasty 
(3400 B.c.) in Egypt. Lead ts mentioned in Job xix ; it was apparently at 
confbse»i with tin. but it lias a separate name in Homer and 

^e difference was recognised by Pliny (p. 825). Tlie Greeks obtained lead 
worn the Laurjon mines but made little use of it. The Romans obUined 
JM from Spain. Gaul and BriUin. and used it largely for cisterns, water 
pipes, etc. There is a considerable amount of Roman lead at Bath. 

Occurrence.— Lead is widely distributed ; traces occur in the native 
form but the chief ore is ^aUna, the sulphide PbS. which is heavy 
(density 7*5), has a bright lustre and is found in many parts of the 
United Kingdom, Broken Hill (New South Wales). Spain and North 
America. Galena usually contains 0*01 to 0*1 per cent of silver. The 
oxides Uud ochre PbO and platlnerite PbO, are rare ; the carbonate 
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cerimiU PbCOj, chlorophosphate pyromorpkite SPb,(P 04 )t,PbClj , 
sulphate an^Usitt PbSO*. aulphocarbonate leadhiUiU SPbCOj.PbSO*,* 
and basic sulphate hnarktif PbSO^.PbO, all occur less abundantly than 
galena. 

Metallurgy, — Lead is produced from galena by simple roasting in an 
oxidising atmosphere ; its extraction was carried on in England during 
the Roman occupation. The process Is mostly carried out in a rever* 
beratory furnace (p- 7 19) known as a Flintshire furnace, or on the 
Scotch hearth (which has come into use again in a modified form), a flat 
hearth u ith tuyeres for the blast. The ore is flrst roasted at a moderate 
temperature when some galena is oxidised to lead oxide and sulphate ; 

2PbS +30, - 2PbO + 2S0, 

PbS + 20,-PI)S04. 

The temperature is then raised, a Utile quicklime is added and the 
smelting reaction takes place, the remaining lead sulphide reacting with 
the two oxidised products : 

PbS + 2PbO-3Pb + SO, 

PbS + PbS 04 5«^2Pb + 2S0,. 

The slag, which contains some lead, is afterw'ards worked up by beating 
witli lime and powdered coal in a small blast furnace. 

Poorer ores awl an increasing amount of richer ores containing quarts, 
zinc blende, and j))+iteM, are now smelted in small blast fumacee with coke. 
The ore is first roas(e<l and t>ie Jefl<l oxi<lo is reduced in the blast lumace by 
the coke an<l carlxm monoxide, llie leml sulphicia by tlto iron formed by 
re<luction of the iron oxide in tlie charge (or adde*l to the charge) : PbS + 
t'o = Ke8 + Pb. Lead fume (chiefly PbOf forme<l during emelting is collected 
in flues and bag-filters, or by electrostatic precipitation. 

LeM<i is also extractetl by wet processes. Tlie ore is roaste<l to sulphate, 
tho soluble sulphates of manganeee, magnesium, etc., disaolve<l out, and 
the lca<l sulphate dissolved in saturate)! brine cofitoining chlorine. The 
solution is then electrol.ioed to deposit a|»>ng>* lead. 

The crude lead contains copper, antimony and bismuth* whicli make 
it hard. It is softened by melting on the hearth of a reverberatory 
furnace, until tlie foreign metals are oxidised and form a scum on tho 
surface, mixed with a little litharge (PbO). It is thcndcsilvered (p. 734). 
In the Harris process the foreign metals arc remored by treating the lead 
with molten sodium hydroxide and nitrate. I>ed<i is refined by electro. 
Ivsis in a solution of lead fluosilicatc (PhtSiF,) with a little gelatin, when 

coherent deposit is formed. Commercial lead of 091HI per cent punty 
is easily obtained. 

Properties.— Lead if pure has a silvcr-white lustre, but it is usu^ally 
bluish.grey. It is very soft, dense (density 11-35) and fusible. It boils 
at a high temperature in a nearly perfect vacuum and the vapour is 



PROPERTIES OF LEAD 


635 


ULll] 


mon4tomic at 1870^. Lead is plastic » especially when heated, when it 
may be “ squirted ” into wire by forcing it through a die under pressure, 
or wiped in forming pipe -joints in plumbing. Tubing is also formed 
by squirting. *' Compo *’ tubing is of lead hardened with a little anti> 
mony. Bearing*metdl alloys contain lead with calcium, barium , lithium . 
sodium, etc. Crystals of lead are obtained by precipitating it from a 
solution of the nitrate by a suspended piece of zinc C lead tree ’*). 
Very beautiful crystals are obtained if the solution ia gelatinised by 
adding gelatin. 

Lead oxidises rapidly but superficially in moist air to a white film of 
hydroxide and carbonate. Pyrophoric Uad (obtained by heating the 
tartrate in a tube and then sealing) ignitea spontaneously in atr and 
bums to PbO. The metal is not attacked by pure water (except at the 
boiling point) or by dry air, but is rapidly corroded by soft water con- 
taining dissolved air and carbon dioxide, forming a loose deposit of 
hydroxide winch is appreciably soluble in water and makes it poisonous. 
The “ plumbosoivcncy ” is prevented by calcium bicarbonate or sul- 
phate in hard water (p. 187), Addition of a trace of tellurium reduces 
the corrosibility of lead and gives the metal greater strength. 

Lead readily dissolves in dilute nitric acid or hot concentrated sul- 
phuric acid forming salU of the bivalent Pb * ion. which is colourless and 
resembles the barium ion Ba’\ It is a powerful cumulative poison, i.e, 
small quantities below the poisonous dose accumulate in the system and 
ultimately induce chronic poisoning. A characteristic symptom of lead 
poisoning, to which painters, plumbers and pottere using lead and iU 
compounds are liable, is a blue line on the edges of the gums. 

Lead forms two series of compounds, the plumbauj ecopouaSi (sometimes 
called “ plumbic '*) in w'hich it is 2- valent, and the plu&bio cempouads in 
which it is 4-valent. 

The so-called " plumbous compounds, ap. Pb,0 said to be formed on 
lifting lead oxalate, are mixturea of bival«« lead compounds arid fineiy- 
divjded ttetallic lead : 2 PbC ,04 * Pb + PbO + CO + 3CX>,. 


Pluvbous Covpoukds 

Lead dwUwide, plumbotu ehknde. or simply lead chloride PbCl„ 
occw as the mineral cUunniU in some volcanic craters, mndipiu 
Pba„2PbO and matlockiU PbOF occur native. The chloride is slowly 
omed on heating the metal in chlorine. Boiling concentrated hydro- 
chloric acid slowly dissolves lead: Pb+2HCn«PbClt-i-H,. Lead 
^londe is usually prepared as a white precipiUte by adding a chloride 
to a solution of a lead salt : Pb * + 2C1' *= PbO*. 

ft IS sparingly soluble in cold water (0-91 per cent) but more soluble 
>n boiling water (3-2 per cent) and on cooling the hot soluUon anhydrous 
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nceUles separate. Lead chloride melts at 408" and boils at 050", the 
vapour density at 1070" corresponding with PbCl2. It dissolves in con* 
ceutrated hydrochloric acid and crystalline salts, t.g. NHiPb^Cl^, are 
known. 

On boiling litharge (PbO) with a solution of common salt partial de- 
composition occurs with formation of sodium hydroxide (Scheele, 1773); 

5PbO +-H2O + 2Naa 5^ 2NaOH +Pba2,4PbO. 

On heating the solid product yellow lead osyehloride PbCl|,4PbO or 
Tumtr'9 used as a pigment, U formed. Caaselye2km'PbCl|,7PbO, 

prepared by healing litharge with ammonium chloride, ia probably a 
mixture. 


Lead chlorate Pb(C10»)s,H|0, formed from litharge and chloric acid, 
evolves oxygen and chlorine on heating. Lead fluoride PbF^ and lead broaiide 
PbDrs are formoti by precipitation. 

Lead iodide Pbl| is formed as a yellow powder by adding potassium 
iodide solution to a solution of lead nitrate or acetate. It is sparingly 
soluble in cold water (O'OG per cent at 15"), but on boiling it dissolves 
{4'34 gm. per lit.) and on cooling golden-yellow spangles separate. It is 
soluble in a large excess of potassium iodide, forming KPblj, but de- 
posits again on dilution. 

Lead mooozide PbO is formed on heating load in air. The grey dross 
produced is a mixture of load monoxide and metallic load and if heated 
in an iron vessel it turns yellow, forming the monoxide as a yellow 
powder (which darkens on heating) called massicot ; if fused a reddish- 
vellow scaly crystalline mass of litharge is obtained. Lead monoxide is 
reduced by heating with carbon monoxide, hydrogen or carbon. 
Litharge obtained in the refining of silver is largely used in making 
Hint -glass, glazing lottery, preparing lead salts, and making |>ainU and 
varnishes. It accelerates the absorption of oxygen by linseed oil, 
causing the oil to “ dry ” or form a solid oxidised compound. If 
litharge is boiled will» water and olive -oil, lufl ol«u, a sticky adhesive 
mass used in making lead-plaster. is formed and glycerol passes into 
solution. There arc two crystalline forms of PbO. a rhombic (yellow) 
and a tetragonal (red), which arc formed by heating lead h^fo^de 
with ION and J5N poUssium hydroxide solution, respectively. Iho 

transition temperature is 585". v. .^ 1 - 

Lead hydroxide 2Pb0.H20 or Pb,0(OH), is formed as a white ^la- 
tinoua precipitate on adding an alkali hydroxide to a 1^ saltaolut.on. 
It may be obtained cryatalline. U loses water on heating at 145 , 
forming the monoxide. Lead hydroxide is slightly soluble m uate 
(as is VhO which first forms the hydroxide) and the solution turns red 
litmus blue. It dissolves both in acids and alkalis (except ammonia) 
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fortning lead salts and plurobiUs, respectively, and hence it is ampho* 
t«ric : pbfOH ), + 2HNO, » Pb(NO,>, + H,0 

Pb(OH), + 2NaOH -Na,PbO, + 2H,0. 

The plutthite, €.g. Na^PbOj, is largely hydrolysed in solution : 

PbO," +2H,0 ^ Pb(OH>, + 20H\ 

Ammonia does not dissolve lead h 3 *dit>xide, since a sufficient concentra> 
tion of hydroxide ions cannot be produced. 

An important salt is lead aceUte Pb(C,H,0t)|,SH,0, called 
e/ lead on account of iU sweet taste (it is poisonous). It is prepared 
by dissolving lead oxide (PbO) or basic carbonate in hot dilute acetic 
acid, evaporation and crystallisation. Excess of lead oxide forms 
a sparingly soluble basic salt. By boiling litharge with a solution of lead 
acetate a solution of a basic aceUte called Goulard'^ extract is formed, 
which is used as a lotion. 

Solutions of lead salts give, with a solution of alkali carbonate in the 
cold, a heavy white crystalline precipiute of ktd wboui* PbCO,. 
The precipitate is sparingly soluble in water (005 mg. per lit.) but 
di wolves readily in a solution of ammonium acetate. The bui« esrhoaate 
2PbC0j,Pb(0H)^ is the white pigment called vftele lead. 

Oood white Iea<i is amarp/taus ; it mixes readily with linseed oil and has 
a good covering power. If improperly made it u ci^-sUlline and has a con* 
«d^ble de^e of transparency, iu covering power being reduced- tVhite 
load IB readily blackened by hydrog^ sulphide in the atmospheie. lu 
adulteration by tlie cheaper barium sulphate is detected by the insolubility 
of the latter m dilute nitric acid. Vene/lan whife is a mixture of equal parte 
of white load and barium sulphate ; in DwtcA the proportiojis are one 
to three. 

The so ‘Called Dueelt process (really described by Theophrastos in 300 B.o ) 
pri^uces the best quality of white lead. Bolls ofshset lead or grids of cast 
^ P , “ earthenwars poU with vinegar. Tlie poU are loosely 

covered and atacked in rows covered with planks and interstiatl6sd with 
•pent tan-bark, the fermenUtion of which keeps the pota warm and pro. 

dioxide. Basic lead acetate is probably first produced and is 
decomposed by the carbon dioxide, the lead acetate set free aoain 
entering mto reaction : ^ 


2Pb + O, + 2H,0 a 2Pb(OH), 

Pb(OH), + 2CH,CO^ = Pb(CH, CO,). + 2H,0 
* 2Pb(OH),«Pb(CH*.CO.),.2Pb(OH), 
3[Pb(CH,.CO,)„2Pb(OH)d ♦ 4CO, = 2(2PbCO,J>b(OH),) 3Pb(CH,.CO,), 

'f 4H,0. 

white lead- This is 

off and gpo^ and washed with water. The moist paste U dried 

« th, giv« »» obi^tion. 
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By boiling litharge ynth lead acetate solution a basic acetate is formed, 
whicli is precipitated by carbon dioxide. The white lead made by this 
meliio<l {Thtnor/l't process) is of inferior <pmUty. A better product is 
obtained by ]>assing carbon dioxide into a suspension of lead oxide in 
water containing a little lead acetate. 

Usd aitrats Pb(N 03 )t. discorcrcd by LibaTius (1597), ia deposited in 
anliyclrous nxiiky- white cr^'staU, xsomorphous uith barium nitrate, 
from a solution of lead, litharge or lead carbonate in dilute nitric acid. 
Excess of lead oxide must not be used, as a basic salt is then formed. 
Clear crystals deposit from dilute nitric acid. Lead nitrate is very 
soluble in water {56*5 gm. in 100 gm. water at 20^). 

Concentrated nitric acid precipitates lead nitrate from solution, and 
lend is not dissolved by concentrated nitric acid because a protective 
coating of nitrate Is formed. On heating, lead nitrate evolves nitrogen 
dioxide and oxygen (with decrepitation) : 2 Pb(N 03 ),- 2 Pb 0 +4N0j + 
0|. The reaction is reversible in a sealed tube at 357^. A bssio nJUsio 
Pb(OH)NOa Is formed in cry stab by boiling a solution of tlie nitrate with 
litharge, and cooling. 

Lead orthPpbMpbats Pb*lPO,)» and pyiepbospbsts Pb,P,0, form while pro* 
cipi tales on a<l<ling the sodium salts to a solution of lead nitrate or acelsw. 
The orthophosphate dissolves in boiling phosphoric acid snd cryaUli of 
PbHPO* separate. Pb(H,POd. « formed by dissidving Pb,(PO,)i ‘n 
90 percent phosphoric acid, ev»|K)rating and washing ths crystals witJi 
ether. 


Lead burns in sulphur vapour forming a greyish* black mass of lead 
sulphide PbS, which occurs as The sulphide is formed as a 

black precipitate on passing hydrogen sulphide into a lead salt solution. 
It dissolves in boiling dilute nitric acid with separation of sulphur , 
concentrated nitric acid converts it completely into the insoluble sul- 
phate PbSO< ; it dissolves in hot concentrated hydrochloric acia . 

Pb8+2HCI-Pba, + H,S. ^ . 

H,S p»«ed into o «,lotion of a loaU aalt contau.mg cxc^ of 
chloric acid first forms a yellow or red precipitate of PbS.PbC Th 
afterwards forms black PbS iff. HgS. p. 794). On diluting a solution of 
in concentrated hydrochloric acid, PbS.4PbCT. is prccpiUted. 

T»i h.. • Pb**S» is formefl as a dark re<ldwh.bro«-n solid by 

on a »lut i.m of .-butyl loa.1 .ocrcopUn in bonrono ; 

with Mro:h1oric ;cid it form. H.S. .D.uican and Ott, 1031,. 

r . inii.t. PbSO. occurs in the mineral angluiU in crystals 
L«d ^ g SO , (SrSO.) but sometimes 

mombSlera from which it has been formed by o-xidat.on, 
as pscudomorpDS oi gaicna, uy ^ I 

It is precipitated by sulphuric acid or a sulphate from a lead sa 
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tion asaheavy white jwwxler, sparingty soluble in water (0*04 gin./lit, at 
15^) and almost insoluble in dilute sulphuric acid ((MHHgm./lit. in 0*5 
per cent acid at 15^). It dissolves in warm ammonium acetate solution 
(BaSO^ is insoluble) forming feebly ionised lead acetate or a complex 
ion Pb(C}H 302 )‘- It also dissolves (0 per cemt) in hot concentrated 
sulphuric acid and deposits in crystals on cooling ; the compounds 
MjPWSO^lj, where M»Ka, K and XH^, arc knoam. With ammonia 
the basic siijpliate PbSO^^PbO is formed. 

" Sublimed white lea*!,*' a mixture of TSPUSO^, $OPbO and 5ZnO, is 
formed by burning galenu coctUuiiiig zine in an oxuluing atmosphere and 
collecting the fumce. 

Lead ebroaate PbCrO* is formed as a yellow precipitate insoluble in 
dilute but soluble in concentrated nitric acid {ej. BaCrO,), and used os 
a pigment {cfimne yttlou'). It is the least soluble lead salt and is pre- 
cipitated in presence of ammonium acetate. 

When a lead salt is added to a solution of iwtassium dichromale an 
equilibrium is set up unless an acetate is added : 

KAsO, + Pb(XO ,)2 ^ 2KXO, + PbCrO, + CrO,. 

The acetate removes the chromic acid. PbCrO^ dissolves to a yellow 
liquid in concentrated sodium hy<lfoxide solution and a cliromatc and 
plutnbite are formed ; 

PbCrO^ +4XaOH - Xn^PbO, 4 . NajCrO* 4 . i>H,0. 

Lead cannot be sopanitetl eompleiely from aei<l radicals in the etdinary 
process us^ in (|usl*tatiN*e ana 1 )-si 9 . boiling with sodium carbonate, if a 
ciifomate is present. If the solution is reduced with H,J$. a chromie salt 
and a precipiute of PbSO, are formocl. 

Orange or red basic lead chromates are formal when leiul chromate is 
1 ^th d il ute alkali hydroN ide and are used as pigmsn is. Mixtures of 
* M * sulphalo or barium sul 2 >lwite ere also used as 

yellow pj^enis. In eftlieo-i)rintmg the cloth is monUntod with a lead 
salt and tlien 8 teei>ed in potassium chromate solution. 


PlUUOIC Co^tPOITXDS 

white lead, massicot or finely-ground litharge is heated in air 
at about 340° it absorbs osygen and forms a scarlet crystelUne powder 
ofredleadormmmw: CPbO-fO,^2Pb,0,. Above 450° this decom- 

poses sgam into lead monoxide and oxygen. Bed lead is used to make 
cements with oil (it is not suitable for a pigment, as it oxidises the oil too 
rapidly) and in the manufacture of flint glass. 

When red lead is stirred with concentrated nitric acid it U decomposed 
into lead monoxide which forms lead nitrate, and dioxide PbO 
which remains ss a chocoUte-brown or puce-coloured powder on 
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wa^liing out the lead nitrate with hot water and drying. It may 
also be prejmred by boiling red lead with diluted nitric acid, filter* 
ing and washing : 

Pb,0, +4HNOj - 2Pb(NO,), + PbO, +2HjO. 

It is precipitated by bleaching powder or sodium hypochlorite solu- 
tion from a solution of a plumbite : 

PbO -► NaOCl - PbOj + NaO. 

None of tlicse preparations is pure lea<l dioxide, which is difficult to 
obtain ; the best method U to electrolyse a solution of lead nitrate, 
when it is dei>osited on the anode. 

Lead dioxide is used as the anode in tho lea<l aceiimiilAtor, the cothudn 
being metallic lead and the electrolyte dilute sulphuric acid : in tho action 
ol* the cell both elcctrodoa tend to be converteil into lead sulphate, tho 
reaction being reverscil on charging tlie cell : 


Pb0,-.2H-«Pb0 4H,0 + 2e I 
•bO^H^SO,»PbbO,-f H,0 / ' ^ 


Pb + SO 4 " s PbSO* 20 fcathode) 
n. PbSO, + 20 a Pb SO*" (cathtMle) 
PbSO* * SO*" 2H,0 + 20 » PbO, -f 2H,SO, (anode) 


Lead dioxide is a powerful oxidising agent. A mixture with sulphur 
ignites on trituration, burning with a brilliant flame and forming lead 
sulphide. Lead dioxide becomes red-hot «hen «armc<i in sulphur 
dioxide and lead sulphate is forniol : PbO, + SO, - PbSO,. If a men- 
ganous salt (e.j. MnSO,) is boiled «ilh nilrie acid and lead dioxide a 
pink solution of permanganic acid is formed {Crum’a tt‘l) '■ 

2 M 11 .SO 4 + 5 PbO, -rOHNO, - 2H>InO, + 2PbSO, + 3Pb(NO,), +2H,0. 

Chromic hydroxide in presence of alkali is oxidised to a chromate ; 

2Cr(OH), + lOKOH + 3PbO, - 2K,CrO. + 3K,Pl>0, + KH,0. 

Lead dioxiilc is a rather weak acidic oxide forming plsmbsl,.. 


morestronglythisd^ompose*. 

to potassium or 80 <li..m i.,-.iroxi<le fusel in a silver .lisli : 

PbO, + 2KOH - K.PbO, + H ,0. 

been formula edM K.[l W and secn« to conuu.i 

- W-od by a-ater. PbO. being 



P LVH UlC COM POl* N US 


x^ii] 


Hii 


precipitated. Orthoplumbic acid HiPbO^ la not knovn), but meUpIiusbic 
acid HtPbOj or 0 = Pb(0H), us dopoeit«l as a black powder on the nnixlo 
by electrolysiiig u eligliily alkaline solution of au<Hiim levl tartrate. 

n IV 

Minium, or red lead, may be re^rdeii as pliimhoua orthoplumbato PbiPbO^. 

Ltsd sesquioBde Pb,0, U a yellow |K>w<lcr precipitated by MMlium li.v'po* 
chlorite from a cttld solution of litharge in sodium b^'^lroxtde : 2PbO * 
N«OCl = PbsO»-KNaCI, or by mixing solutions of potaasinm plumbite and 
plurabate. It is dccompoee<l by dilute nitric ackl into lead nitrate and loail 

II IT 

iboxicto and may be regartled as plumIxHis mcCaplumbnte PUPbO,. Lca<l 
dioxide heated in air at 350* fornts Pb,0, and at 44d* Pb^O*. 


If load dioxide is diwolvcd in cold conccntratwl hydrochloric acid and 
chlorine passed in. a dark-brown solution containing hjdroebleropltuDbic 
•eid HjPbCIf is formctl. On addition of ammonium chloride this gives a 
yellow precipitate of smmoaiuED chlorepluoibsU (KHil^PbCl^. When this 
is added to cold concentrated sulphuric acid the free acid H,PbCl^ 
breaks up at once and yellow' Itquid lesd utraehloridi or plumbic ehJoride 
PbCl 4 is de|)osited. This readily decomposes (sometimes explosively) 
on warming, with evolution of chlorine: PbCl* - Pba, + Cl,. Lewi 
dioxide dissolves in hot concentrated hydrochloric acid with evolution of 
chlorine and formation of PbCI,- 

On the addition of a littU water, PbCI, fornts a crystalline hydrate 
but it is readily hydrolysctl to a brown precipitate of liydratcd lead 
dioxide. The ion Pb***’ (like Sn*'") is very unstable ; the insoluble 
dioxide is usually formed when the ion might be ex|)eclod : 

+30H- - PbO, + H • + H,0. 


Issd tstraduoridc PbF, is forme<i by dissolving red load or freshly pr©» 
pared load dioxide in 96 per cent liy<lrofluorio acid. It forma complex 
Rb,PbF« ; K,MPbF, is formed by fusing load dioxide 
with KHF, end cf3'sUllising from concent rttctl hydrofluoric acid. 

By electrol>-sis of sulphuric acid, density I 7-1 • 9. below 30* with a lead 
anode m a porous pot. ptumbk ndplisu Pb($0,), is formed in yellow crv-suls 
d«omp^ by water: PbSO.eSO. = Pb(SO,). j Pb(SO.),+ 2H,0» 
i'DU, + 2 H , 80 ,. 1 1 IS probably formed in the o verchargwl lead accumulolor. 

Lud tefro-scetsu Pb(C,H,0,), se|>aratee on ctK>liftg in colourless needlea 
irorn a solution of red lee<l in hot glacial acetic acid (lead dioxide is in- 
wiuble). It is decomposcti by water, lead dioxide being formed, but it is 
the most stable plumbic Mit. 

A gaseous Issd hjdhda has been deecribed but ito existence is verv 
doubtful, ^ 

The ^mic weiebt oflesd lias been found from the ratios PbCl, : JAgCl 
^d PbBr, : 2AgBr. The \*a]eocy is determined from the atomic heat wid 
vapour density of lead tetraethyl Pb(C,H,),. The atomic weight of lead 
» of special mterest as it vansa somewhat with the source from which the 
^ IS dw^ wlien it Itss been formed in the radioactive decay of 

wight 207*2 and is a mixture of tsotopes. 
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Cermanhim was clisco>'ercd by Winkler in 1886 in a Freiberg mineral 
or^yrorfiVtf CeS8.4Ag,S (5 to 7 per cent Oe). It La found in small amounts in 
coxenitc» some zinc ores, ami the aali of some coals. One method of extrac- 
tion dci>cn<ls on the <list illation of the s’ohitilo CeC'l« with hydrochloric acid, 
any gallium in the solution being extracted with ether» but a better process 
is to cxtrmd both gallium and germanium with sodiiun hydroxide solution ; 
it can be pur i bed by electro-deposition (Sebba and Pugh, 1937). The oxide 
OeOj is re<luced at a rod heat by carbon or hydrogen, and the metal is pre- 
cipitated by zinc from solutions of its eompotinUs. It is greyish- white, 
brittle, forms octahedral crystals, an<i is insoluble In h)’drochloric acid but 
soluble in nitric acid or atpia regia. It does not oxidise in air, but bums 
when heated in oxygen, chlorine or bromine vapour. 

Germanium crj'stals are use<l as tronaittort, wliich are replacing wireless 
valves, since they are much smaller ami ref|uire no ancillary equipment. 

Germanium, like tin an<l lend, forms two aeries of compounds, the germsn- 
eus compouDds OeXa and the better knoum germuuc compouads OeX|. They 
are nil covalent. 

The isnaaoiiuD bydridss CeHt, (>e|Ha. and Ge»H, resemble silicon hydrides 
and are prc|iare<l by tlic action of dilute hydrochloric acid on magnesium 
gcrmanulc Mg/ie <ma<lc by heating nuigncsiiim and germanium in 
hydrogen), condensation from the mixture with hydrogen, ami fractions! 
distillntion (see p. 604). UoDOfennaoe C*eH« is a gas also prepared by the 
action of a solution of ammonium bromide in liquid ammonia on Mg|Ge : 
Mg,0e-f4NH*Br = 2MgBr, + (JvH* + 4NH,. and is evolved with hydrogen 
by the action of dilute sulphuric acid and a germanium compound on zinc 
(Voegelin, l‘J02>. 

Oennoaic oxids GsO, is white onti ciy'stallLiea in two forms, isomorphoits 
w'ieh fiuurti and cassilerlte (SnO ). Jt is non-volntile, sjairingly soluble in 
water but soluble in hydrochloric acid forming GeC*l*. and in alkali iorming 
0 gsrmAaats, e^. Na,GoO.. The hy<lroxido is not kiiowm ami ollvalis do not 
pre<'ipitote germonic solw. 

OsnBoaic fluorids Oel** is a eoloiirlcas fuming gJis proporod similarly to 
SIF Olid formbig H,OoF. with water. Oermaoic cUorids GeCl* is a colour- 
leas fuming Uciuid, b.pt. 8G% formed l»y hooting germanium in chlorine, of 
the mcinl or GeS, with mercuric chl.Tidc. It is hydrolyse! by "'ntor 
distils from eoncontratel hydrochloric acbl. Oermoaium cUoroferm t .eHt i, 
is a colourlees fuming liquid, forme! (with some GeC1,l by pa«uig 
over hootcfl germanium. Ocmaaic sulphide CoS, is forme<i m a whi 
precipitate with H,S in presence of excess of HCI i it is readily soh 
in alkoli and ammonium siilphuks. forming thioficmuoslss. from which Jt 

by the Oft ion of olkali on sennoi.iiim ct.lorofom. : 

GoHC1i4 3NnOH = Cc(OH), + H,0 + 3Xn< I- 

On he,.ti.« it 

germanium. 



TITAXIUil 


643 


xui] 


Titaxiuu 

TiCaruum waa disco varad by Cregor in 1769 in a black sand in Cornwall, 
now called ilmenite or litanifenu^ iron ore. abo found in Nova Scotia and 
New Zealand : it is ferrous tilanata FeTiOa< The dioxide TiO, occurs in 
three forms (cf. SiO,) : rutile, tetragonal prisms bomorphous with cassi* 
terite SnO|. density 4*21 ; anaUiee, slender tetragonal pyramids « density 
3*68 ; and 6rooi:<Ve» flat rhombic prisms, density 4*17. TiO| is very widely 
distributed in iron ores, silicate rocks, clay, bauxite, coal and soil, and moat 
commercial iron contains titanium. Titanium also occurs in small amounts 
in plant nnd animal tissues and bones. 

Ferrotitanium, made in the electric furnace, is used to remove oxygon 
and nitrogen from molten steel, and steel containing tome titanium has 
toughness and resistance to wear, e^. as rails. Hydrated titaniiun <iioxi<lo 
mixed with barium sulphate as used as a pigment (rikinium asAife), titaninni 
dioxide is used in tinting artiiicial teeth and in making a yellow glaso for 
porcelain, end a solution of the trichloride TiCli in dyeing as a mordant and 
in removing dyee from fabrics. 

Titaniiun dioxide is manufactured from ilmenito by three proccasos : 
(i) The oerW process (used in Norway) in which tl>e powder is heated with 
concentrated sulphuric acid, the iron an<l titanium sulplaatee dissolved in 
water, and TiO| precipitated from the solution by hydrolysis, (ii) The 
o/t«/»ns pro«5css (used in the V.S.A.) in which the mineral is fused 
with sodium sulphide and the mass extracted with water ; FeS and 
TiOt remain and the FeS ie dissolved in a solution of sulphurous aci<l. 
(iii) The cAferins process, in which a mixture of ilmenite and carbon 
IS hosted in a stream of chlorine at 350* to chlorinate the iron en<l 
then at 660*, when volatile TiCJ4 distib and b then hydrolysed bv w'atcr 
to TiO,, ' 

Uetallie titanium was first obtained impure ss a black powder by Dor* 
Mlius in 1626 by heating potassium fluotitenate KjTiF* with sodium. A 
purer meUl (cootsining 2 per cent of carbon J was made by Moisaan (1695) by 
r^ucing excess of TiO| with carbon in tlie electric furnace and remelting 
the metal with Ti04. Pure titanium b difficult to obtain as it readily com* 
bines with oxygen, nitrogen, carbon and silicon : most of (he early speci- 
mens contained carbon and nitrogen, c,g. the copper-colourad cubea found 
in some blest furnaces are a mixture of the nitride TiN and graphite. The 
pure metal b obtained by (i) heating liquid TiQ* with sodium in a closed 
iron bomb, when eo much heat is evolved that the titanium (m. pt. 1 725") b 
partly fused (Nibon and Petterseon, 1687) ; (ii) heating TiO* and calcium 
m a vacuous iron vessel : (iii) strongly licating a tungsten filament in Til 
vapour (van Arkcl and do Boer, 1925). Utanium forms white hexagonal 
^stab, density 4 ‘50. Pure titanium has industrial uses, since it b light 
duetde, has a high melting point, and b resistant to corrcaioa. It has a high 
t^de strength and a small coefficient of expansion. It can be welded at a 
^ heat. When Jieoted it bums in oxygen and decomposes steam: it 
di^lves in coU dilute sulphuric or hot concentrated hydrochloric acid 
with evolution of hydrogen forming /itanows ealu containing tbe Ion Ti"* 
ana it bums in nitrogen at 600* forming the nilride TiN. 
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Titanium forma three aeriea of compounds in which it ia 4*, 3*» and 2. 
valent, the important once being tl^e 4> and 3* valent. Some compounds 
contain the lUitnijl radical =Ti~0. 

Titanium dioxide can be prepare<l from mtile (M'bhier. 1849} by fusing 
with K,C 09 , dissolving in dilute HK and cr>'3UlIbmg K,TiF«,H,0 (glitter* 
ing leaflets) ; from a solution of tliis in hot water ammonia precipitates 
white hydrated TiOt (titanic aeid)^ on heating winch TiO, is formed as a 
w'hite pow<ier. yellow when hot. Titanium tlioxide <lisso)vcs in hot con* 
centrated sulphuric acid to form tituyl sulphate, whicli forms cr^'stals, 
Ti0(80d.2Ht0. A solution is used as a test for IH)0| (p. 196), the yellow 
or orange colour being < hie to perUtanic add, w'hich is formed as a bright yellow 
precipitate on adding H,Oaand ammonia to a solution of TiCl, in alcohol. 
The old formula is TiO»,3HaO, but it is probably (HO),=Ti^O — OH. 
Titanium dioxi<le also shows weekly acidic properties, forming titanatre, 
< .g. K aTiO ),4 H ,0* These are < leri ved from aup|K)sed t ita ii I’c aeitU, c^. met4i* 
titanic acid H,TiO». precipitated on boiling a solution of titanyl sul]>hate 
and acetic acid fur some hours (Zr is not precipilate<l). but the products 
all show only the X*ray 8]>ectrum of TiO s os rutile or anntHse. 

Titanium utrschloridt TiC'h, b.pt. 136*4% is a colourless strongly fuming 
liquid (used along with ammonia for smoke sc reens) prei>are<l by passing 
chlorine over heate<t titanium ora mixture of TiO, and carbon, or chhirine 
or CCI, vajiotir at a high temj)erature over TiO, : 2CI, *► TiO, ^ TiCI, + 0,. 
It is soluble in water but is hydrol>‘seil by excess, depositing hydrated TiO, ; 
with NH,CI and liydrochloric acid it forms yellow crystals of the comjwiind 
(NH*)iTiCl„2H,0. 

Brown titanic nitnde Ti^N* is forme«l by the action of liquid ammorua 
and KNH, on TiBr, (Ruff and Treidel, 1912) : it ks decomi>oeed by heot 
into TiN and nitrogen and by water into TiO, an<l ammonia. TiUaium 
disulphide TiS, is formed in yellow scales (like SnS,) by j>aAsing TiCI, 
vapour and H,S through a licaled tube. 

The roost important comjiound of 3* valent titan iuro is the titaajuffl 
trichloride TiCl,. formed in dark violet scales on passing a mixture of TiC’h 
vapour and hydrogen through a heated lube (Bbelmon. 1847). On lieoring 
in hydrogen chloride it forms TiCl* : 2Tiri,-*- 2HCl = 2 TiC'J 4 *rH,. The 
solution (which is deep violet when pure but inky black if TiCI, is present) 
is forme<l by re<lucing a solution of TiCT, in hydrochloric acid with zinc. 
It is a powerful reducing agent (r.g* nxluring |)erchlorale to chloride). 
Two forms of the solid hvdrate Tia,.6H,0. violet and green, are known (c/. 
CrC1.,0H,O). Alkalis precipitate from TiCl, solution the dark -brow^ or 
blue U)-<ir«tod .aquUaid. Ti.O, or Ti(OH), ; li.O, (s blnck 

,.„,v,ler or r«l cr>-.t«b.) i* forme.1 by haling T.O. strongly m dry 
Tlio bronje-yellow liunous mthd* T.M a forme.! from tlio elements or by 

h eting TiO ' ir, emmouie ge. et S’trHF 

valent titimium Ti=N. as is sho«m by d«olvmg in dilute H.S0. and Hh 
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bright rednesa in entire Absence of oxygen and moisture (Friedel and 
Gu4rin, 1875) : it emouldere on heating in air, forming TiCl, and TiO„ 
evolves hydrogen with water and forma a green solution in concentrator! 
hydrochloric acid. TlUnium monoxide TiO is formed by heating TiO^ in 
hydrogen at 2000^ at 150 atm. pressure. 

Zaco^nn 

Klaproth in 1780 discovered xirconium dioxide in tireon ZrSiO*. gem 
forms of which are the kijaeiHtM and jar^n. Zircon occurs in alluvial sands 
in Ceylon, the Urals, Australia, and North Carolina. Bodde/cyiVe, foufid in 
Ceylon and Hrasil, is the oxida ZrOt and ia the chief source. Zirkiu, a 
mixture of oxide and silicate, is found at Xtinas Ceraee, Brasil. Metallic 
zirconium was first prepared by Berezins in 1824 by heating K»2rFg with 
potassium or sodium : K,ZrFg + 4K s Zr 5KF. 

Zircon IS fused with sodium hydroxide and the mass boiled witii water, 
when ^mm silicate dissolves and impure xirconium dioxide remains. 
iJaddoleyite is bailed with concentrated hydrochloric acid to remove 
impurities and then boiled with concentratad aulphuric acid, when amoBfl 
wJphste ZrOSOg (a compound of the xireonyl radical ssZraO) a formed A 
solution of this is precipiuted with ammonia and the hydrated preeipiute 
^ sirconium dioxide. Zirconium dioxide mixed with rare 
earths IS usj^ to make Nemat niamenU. which conduct electPolyticaUy 
When hot. Zirconium dioxide (siVoonui) has a veiy high m. pt. (2700*) and 
IS used for ref^toriee and whito enamels. The precipiuted hydraud 
irconium dioxide is soluble in acids but insoluble in alkalis, but 2rO, on 
fusion with alkalis forms zirconau*, e.p. Na»ZrO>. * 

in » v«y pu«, .UM on a tung,t«, filam.nt 
.«tr,c.lIyh«at^mth»v.|>ouror,irconiuiniodider ZrI. = Zr*2I.. When 
form * *’°'™ ’’•«* »*<>«« of I'igii m, pt. It 

ei^.\^''*o elloy *leel. It i, M.ly .lowly attacked by acid,. 

2«oniim i, predominantly quadrivalent, but ZrCI, and ZrCl, are 
(HOlZr ft prwripiuue xiroonium quaniiutively as 

it 300- Tntr.?”,.' Z'a » * whita w>lid. eubliLng 

of ZW’ an?^ P^ing dry chJoruie over a etrongly heated mixCe 
arcLui hydro'yood by water and white needlaa of 

hvdnvhi ZrOCl„8H,0 are formed on evaporating a »lution in 

»t^* it • ’* heating thi, in vacuum 

h^flunri ^ fonned by tha action of anhydroua 

form tetrachloride: ZrCI, + 4HF = ZpF, + 4HC1 It 

ztrr c? “.St w 

(ZrO)U,rNO i sw n *>• ^ airconyl compound 

«^e.^iel ^‘t "fnd:Sniteirb.“ ‘ » ‘h® 

ih^biuSb HP T”^ ZrH.(PO.).. inaoluble 

Ut Mluble m HP («cvjng to separate Zr from aU elemante except 
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TUanium forms three series of compoivicli« in which it U 4*, 8% sad 2* 
vslent, the important ones being tlie 4- and 3* valent. Some compoimds 
contain the titaivjl radictil ^Ti^O. 

Ti tanium dionde can be preparetl from nit lie (Wohler, 1840) by fusing 
with K|CO)i dissolving in dilute HF and crystsUUing K,TIF4,H,0 (glitter* 
ing leaflets) ; from a solution of this in hot water amin<iiiia precipitates 
white hydra te<l TiOj (/ironic add), on heating which TiO, is formed as a 
white powder, yellow* wdien hot. Titanium dioxide ilissolves in hot con- 
centrated sulphuric acid to form tiUsyl sulphats. whicli forma cr>*6tal9, 
Ti 0 (S 04 ), 2 H, 0 . A solution is used as a test for HtO, (p. 196), the yellow 
or orange colour being due to pertiuiuc arid, w hich is formetl aaa bright yellow 
precipitate on adding H,0,and ammonia to a solution of TiCIt in alcohol. 
The old formula is Ti0,,3H,0, biit it is probably (HO),3Ti— O— OH. 
Titanium tlioxiile also shows weakly aciilic proj>ertiea, forming titnnaM, 
t .ij. K ,TiO >,4 H ,0. Theee are <leri ved fn>m stipjiosed t ita n ic irc«/s, meUi* 
titanic add K,TiOa. precipitated on boiling a solution of titanyl sulphate 
and acetic acid for some hoars (Zr is not precipitated), but the ]>roducts 
all show only the X* ray s|)ectrum of TiO, as rutile or anatiwe. 

Titaaium isirschloridt TiCI*. b.pt. 136 4*. is a colourless sl^mgly fuming 
li<|uid (useiJ along with ammonia for smoke .siwiis) i)rei*Hre<l by passing 
chlorine over heated titanium or a mixture of TiO, and carbon, or chlorine 
or CC'I, vapour at a high iem|>cmture over TiO, : 2<'l, + TiO, ^ TiCl, + 0,. 
It is soluble in water but is h>'<lrolyseil by excess, deposit ing hy<lratwi TiO, ; 
with NH,CI ond hy'drochloric aci<l it forms yellow cry stals of the conijwiuid 

(NH,),Tia„2H,0. . 

Brown tiunic ailrWe Ti,N* is formed by the action of lupin I ammonia 
an<l KXH, on TiBr, (Ruff end Treidcl, 1912) : it ia decompoeeil by hoot 
into TiN and nitrogen and by water into TiO, anil ammonia. Tit^^ 
disulphide TiS, if formeil in yellow scales (like 5»nS,) by passing TiCI, 
vapour and H,S though a heateil tube. ...... 

Tlie roost important comiwuml of 3-valent tiUnuim is the htmuw 
trichloride TiCl,. fonneil in dark violet scales on (xwaing a mixture of Tit I, 
vapour and hydroger. throuKl. a healed tube (E'x'l'ne;). 
in hydrogen chloride it form# TiCl, : 2TiC'l, + 2HC I -2Ti( 1, + H.. 
aolution (which ia deep violet when (nire but inky black ifTiC I. la proaentl 
ia formeil by reilucing a aolution of TiO. in l.ydroid.lonc acid with ainc 
It ia a powerful reducing ogeni (r.j. roilueina txTi'lilorate to chloric e). 
Two forma of the aolid liydrele TK-|.,nH,0. violet and giwn. are known (c/- 
CrCI, OH.O). Alkalis precipitate from THi. aolulion llie d«rk-bro«n o 
b^e hydrated leaguionde Ti.O, or Ti(OH).: anliydrc.ua Ti.O. (a blcwk 
powder or red cry.tala) ia formed by heating T.O.atrongly m ' O' l» 

The bronae-yellow titaaeua nitride TiS la formed from llio e emcnia or by 
Seating TiO.V ammonia gaa at UM-ioOO’ ,Kuff. I»09h H — 3; 
valent titanium TisN, aa ia ahown by diaaolvmg in dilute H.bO. and 
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bright redn€6s in entire Absence of oxygen and moisture (Friedel and 
Gu4rin, 1875) : it smoulders on beating in air, forming TiCl« and TiO|, 
evolves hydrogen with water and foims a green solution in concontratod 
hydrochloric acid. Titanium oMooBde TiO is formad by heating TiOt in 
hydrogen at 2000^ at 150 atm. pressure. 

Zt&COKtUU 

Klaproth in 1789 discovered zirconium dioxide in sircon ZrSiOt. gem 
forms of which are the hyaehuh end Jargon. Zircon occurs In alluvial sands 
in Ceylon, the Urals. Australis, and North Carolina. BaddtUfiite, found in 
Ceylon and Brazil, is the oxide ZrOa and is the chief soxirce. Zirkite, a 
mixture of oxide and silicate, is found at Minas Goraes, Brazil. Metallic 
lirconium was 6rst prepared by Berzelius in 1824 by heating K^rF« with 
potaesium or sodium : K|ZrP| + 4K s Zr $KP. 

Zircon is fused with sodium hydroxide and tha mass boiled with water, 
when sodium silicate dissolves and impure zirconium dioxide remains. 
Baddeleyite is boiled with concentrate hydrochloric acid to remove 
impurities and then boiled with concentrated sulphuric acid, when sireo&jl 
sulpbsta ZrOSO^ {a compound of tlie zireeQpl rsdica) =Zr=0) is formed A 
solution of this is precipitated with ammonia and the hydrated precipitate 
heated to form zirconium dioxide. Zirconium dioxide mixed with rare 
eartlis U used to make Nemst hlamenU. which conduct electrolytically 
when Jiot. Zirconium dioxide (tireonia) has a very high m. pt. (27(K)*) and 
is used for refractories and white enamels. The precipitated hydrated 
zirconium dioxide is soluble in acids but insoluble in alkalis, but ZrOt on 
fusion with alkalis forms tirconaUt, s.g. NsiZrO,. 

UstaUie dreoaiiun is deposited in a very pure state on a tungsten filament 
electrically heated in the vapour ofsircomum iodide : 2rl, « Zr + 21,. When 
pure it is soft, but it usually forms hard white scales, of liigli ra. pt. It 
forms a lough, bullet-proof alloy steel. It is only slowly attacked by acids, 
except hydro Auoric acid and a<)ua regia. On heating in hydrogen it forms 
black arcotiiuffl hydride. 

Zirconium is predominantly quadrivalent, but ZpCI, and ZrCl, are 
l^wn. Hydrogen peroxide precipiutes zirconium quantitatively os 
(HO),Zr — 0 — OH. ZlreoniuiQ tstrachkrUs ZrCl« is a white solid, subliming 
*r formed by passing dry chlorine over a strongly heated mixturo 
of ZiO, and carbon. It is hydrolysed by water and white needles of 
“conium o^hl^ds Zr0C1,.8H,0 are form^ on evaporating a solution in 
hydrochloric acid. On heating ZrCl, and aluminium in hydrogen at 800® 
brown zirconium wiebkrids ZiCl, is formed, and on beating this in vacuum 
et 860* it gives black xircoaium dkbl^wide : 2ZrCl,*2ra, + ZrCl*. Zireoaium 
wsfluoride ZrP^ is a white solid formed by the action of anhydrous 
hydrofluoric add on the tetrachloride: ZrCl, + 4HP * ZrP, + 4HC1. It 
foiTM flaodrconAtes K.ZrP, and K,ZrF, (containing the ion ZrP/"). 

Zirconjum forms an indefinite base carbonate, perhaps containing ZrOCO. 

m«y b. « .irconyl compound 
(2rO)H,{NO,),.4H,0, and thon is a basic nitrate ZrO(N0ili,2H,O • the 
commerciel salt is indefinitely besic. 

in precipiutes zirconiuia phosphate 2rH.(P0.)„ insoluble 

m HCl but soluble m HP (serving to separate Zc from aU elemenU except 
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Hf) : on boating iv forms ZrPiOy. Ziroonium disulpbi^ ZrSf. stobto to water, 
is formed by heating ZrCl, with H,S or sulphur vapour. ZifcoDium sulphate 
Zr(SO,)| is fonned by dissolving ZrO* in hot concontroted sulphuric 
acid, evaporating ami beating the rcaUlue. It cryata discs from water as 
Zr 0 (S 04 >,H,S 0 ,. 3 H, 0 . or M,(2rO(.SO.),1.3HA wbkb readily loses 3HA 
A neutral tirconium sobition gives with potassium sulphate a precipitate of 
an indefinite basic double sulpliate, insoluble in HCl (separation of Zr from 
Ti, Nb, To). 


Hafnium 

The clement liofiiium wo* < I iscovere<l in an X-ray examination ofrirconium 
minoraU by Coster and Hevesy In 102$. It occurs in all zirconium minerals, 
usuoUy 01 per c«*nt or lc?w. air Hough baddeleyite contains 1 to 2 per cent 
ond zircon up to 7 per cent. AUtff (Zr.Hf.Th)Si 04 , ami maheone, an ftllorcd 
fom^ of zircon (with occluded argon), contain up to 60 per cent. It gives 
practically all the reactions of zirwwiium ond is foumi in most commercial 
z i rconium comiM)imds ( $ per cent in ord inary z irconia) . It is best soparated 
from zirconium by fractional crystallisutiou of the double fluorides 
(NH,),ZrF- and (NH*),HfF, (more soluble). The cr>ftal of the double 
fluoride (NH*),HfFt contains (NH^ltHfF* andNH^F units (c/. Zr). The 
white metal (m-pt. 2200^), obtained by beating K»HfF, orHfCb with sodium, 
or heatiJiB o tungsten filament in Hf I* vapour (de Boer, 1 630), has been ad<led 
to tungsten lamp fllamenU. Tlie whita dioiido HfO, (m. pt. 2812 ) is re- 
fractory and is more basic tlian ZrO*. Tbe white solid chloride HfCh is 
more volatile than ZrCl* and sublimas at 250*. The carbide HfC eiid double 
carbide HfC.4TaC have probably the highest m. pta. (over 4000 ) of any 
known substances. Other compouwls are the sulphide HfS, ai^ lulphste 
HfeSO,), decomposing at a higher temperature (500*) than Zr(bO,)r 


Thorium 

Thorium wa* di*cover»t in the N<.r»osi»n mineral «ori|« TliSiO. by 
Benoliua in 1828. Tkorianilt. found in Ceylon, la chiefly thorium oxicie 
(70-80 per cent ThO,) with some uranium, load and rare oartli oxides ani 
icdudeThelimn (9 ml. per gm.). The chief aoum. ^ 

a phosphate of cerium and lanthanum with about 4-18 P®' 

and 1 ml. of occluded helium per gm., found ae sand m Brazil and at 

ThO„ US0.1 for incandweent 

I nor cent of cerium dioxide CeO, (pure thorm gives a feeble light), tf 
^ r « 1 fPrtm mnnazita This IS lioatcd with concentrated sulplninc acid, 

iisfiiifss 

of electric lamps. 
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IdsuUic (boriuffi, m. pt. 1845*. is diifieuU to obtain pure, as it combines 
vith hydrogen, oxygen, nitrogen, and carbon. It may be propare<i by 
l>eating a mixture of thorium tetrachloride and soclium : ThCl| + 4NaB 
Th + 4NaCl. It is white, soft wlien pure, bums brightly in air on heating, 
and is readily soluble in hydrochloric acid. A solid tborium hydride ThH^ 
is formed with omission of light when tliorium is lieated in hydrogen. 

Tborium percside. perhaps (HO),Th — 0^ — OH, with no acidic properties, is 
quantitatively precipitated by hydrogen peroxide from solutions of tliorium 
compounds, lliorium tetrachloride ThCl, is a white solid, formed by burning 
the metal in chlorine, or heating a mixture of TliO| an<i carbon in 
ehlorine, or heating ThOs in carbonyl chloride COCI« or a mixture of 
chlorine and the vapour of sulphur chloride SaCla. It is not hydrolysed by 
water and behaves as a salt. A bsM thoriius carbenats is precipitated by 
alkali carbonate and is soluble in oxcess, but the solution becomes turbid 
on heating. Tborium sulpbats Th(SO,)| is made by dissolving thorium 
dioxide in concentrated sulphuric ackJ. evaporating. an<l lieating to <lrivo 
ol7 the excess of acid : it forms a number of hydrates. Tho hydrate with 
9H,0 increases in solubility with rase of temperature, whitat that with 
4HaO decreases. The common hydrate is with 8H|0. Acid lulphaUa 
Ht(Th(S 04 )i] and H,[Th|(SO«)»(HtO)«l and inany double eulpbAtae. 
K,[Th(S0,hh4H,0. {NH«)JTh(SO«h1.3H,0 and (NH«M(Th(S 04 h], 2 H ,0 
are known. There are also double oHretes, e.g. <NH 4 ),Th(N 0 ,)|. The radio* 
activity of thorium is discussed on p. 401. 

It should bo noted that tliorium alone among the elements of its sub* 
group (Ti, Zr, Hf, Th) forms snitdike halides, and it reaihly forms oxy-toiis, 
wlulst the others in their quadrivalent state mostly form covalent com* 
pounds. The compounds Thl a and TIi I containi ng bivalent and (srva lent 
thorium, are formed by lieating Thl, with metallic thorium powder. The 
tatra-iedide Till 4 is fermecl by lieating tliorium in iodine vapour. 
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Tbe elements of the fifth jrroup (apart &oin radioactive elements) are : 

Sub'group a or mn series: vanadium, niobium (orcolumbium) and 
tantalum. 

Sub-group b or odd series : nitrogen, phosphorus, arsenic, antimony, 
and bismuth. 


Sub.group <1 (£veD Series) 



V 

ShiCb) 

Te 

Atomic number 

. 23 

41 

73 

Elo<'tron confimirotion 2'8’ll-2 

2-818-I2-1 

2-6-18-32I1-2 

Density • 

• 5-8 

8-5S 

16-8 

Atomic volume 

. 8-8 

10-85 

10-9 

Melting |>i»int • 

. 17I0» 

195U* 

2850* 

Uuiling [Hiint • 

. 3UV0' 

3700* 

>4100" 


The eUunenta of tlie even soriea are all common metals of high m. pt. 
und are traaeitioosl elemeats (p. HSS). 


Atomic number 
Klectron configuration 
Density of koIUI 
Atomic volume 
Melting jioint • * 

Boiling iH)int • 

• White P. 


Sttb-froup (Odd Series) 
N P A- 

7 IS 39 

2 5 2 85 2 818-5 

1-0285 1‘83* 6-"3t 

1 3-8.') 16-90 1308 

-210* 4dr 8I4SI 

-I9S8’ 287* 015* 

•HVUnM-» 
t y-amtiic-. 


Sb 

lii 

51 

83 

2-8*|8-18'5 

28- 18 

0-71 

9-80 

J8-25 

21 '32 

830-5’ 

271* 

1380' 

1450* 


$ At 36 Atm. 


The odd wric» contains both non-metals and metals. Nitro^n an 
phosphoru-s. already dealt with, arc definitely non-nretals (although a 
metallic '• conducting form of phosphorus is known), "'J*'"'®";' " 
bismuth definitely metals, whilst arsenic stands on ‘ho U>resl.ol. W- 

tween non-nwtalsaud metals and as such is sometimes calledamraHm^ 

It will he consideml here along w ith the "’-‘“h*- The element al ha^o 
low m. pts. and (except Sband Bi) low b. pts. and form molecules m ho 
vapour state comiH,s<-<l of n.oif tlian one alon. ; 

Sb^l), and Bi.. the metals l.-ing ,K^ulh.r m Hus 
.„e-tal,'are monaton.ie. All these eU-menls cx.st m 

The predominating valencies in the group are 3 and (except lor mtro 

MH 
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gen) 5, altijough other valencies sncli aa 4 (csjM*cialIy in tlic even series) 
are knom:. Nitrogen forms oxides, NjO, NO, NO,, in which it lias 
apparently anomalous valencies ; although those are )wi ranch'd by 
oxides of vanadium, with nitrogen they usually result from peculiar 
linkages. The elements of tljc odd series all form compounds with 
metals in which they show tlieir nommi valency {cf. p. 070) : iMgjNj, 
Ca,?,, NajAs, 2n,Sb„ MgaBi,. 

The gradation of elcctroclicjulcal character ia well shown with tlio 
gweoua hydhdes formed by nil elements of tlH? Ofld series. Antmoina 
NH, is a fairly strong base, foniiing halide and oxysalts containing the 
ammonium ion KH^. The otlier hydrides (except jierlmps PH,) are not 
formed directly from their elements ; phosphine PH, is very weakly 
basic, forming phosphonium halides PH^X, all decomposed by 
water ; the hydrides arsine AsH, and stiblnc SbH, have no basic 
properties; tho very unstable bismuth hydricle liiH, (?) is soluble in 
slkalis and may bo feebly acidic. The elements of the even scries form 
unstable so I id liy d rides. K lements of the odd series al I form eompo unds 
with liydrocnrbon radicals, including etc. ; those are not 

formed or arc doubtful witfi clenienls of tfie even scries. 

The ehloridu of the odd series arc predominantly (x> valent ; witli 
nitrogen only NCI, is known and with arsenic and hUmuth only AsCI, 
and BiCl]. but AsP, and BIF, exist ; al) the other elements form KC), 
and BC),, and in the even series chlorides corresponding with other 
valencies. Fluorides BF, are known with all tlie elements and KF, wit!) 
P,As and Sb.* Nitrogen chloride h 3 *drolyses in a |»ecuiiar way, forming 
hypocldorous acid (p. 526). the trihalides of phos])horus arc completely 
and irreversibly liydrolysed by excess of water into HX and the corres* 
ponding oxyaclds ; arsenic chloride exists in equilibrium with excess 
of hydrochloric acid : 2AsCl, 3H,0 ^ * 6HCI ; antimony and 

bismuth in chlorides are only partly and reversibly hydrol^'sed to basic 
compounds, t.g. BiClj-t-HjO ^BiOCI + 2HG. The higher chlorides 
PCI, and SbCI, are dissociated by heat : SbCl, 9^ SbCl, •f Cl,, etc. PCI, 
on hydrolysis forms an oxyhalida, POCI,. which by further action of 
water loses all the halogen and forms phosphoric acid, 

The stability of the lialides MX, increases from V to Ta ; only ^'F| is 
known, but tantalum is remarkable in forming a pcnt&< iodide Tal,. 
Double fluorides of varying formulae are knoum : xKP,VO,F, 
rKP.NbOF, and *KF,TaF, ; from solutions containing excess of HF 
double fluorides containing YOF, and NbF, are formed. 

All the elements form many oodes. including the typical acidic 
pentoxides R,0,. In the odd series only phosphorus, but in the even 


* Iodides RI, and RI, (PI, is doubtfuJ), abo PJ,, are known, but ordinarv 
oitro^n iodide ie MIj'NH,. ^ 
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series alt the elements, form penfoxides directly ; tlie acidic cliaracter 
of these diminishes svith increasing atomic weight. In the even series 
tlie acidity of the pent ox ides decreases from V to Ta, being quite 
strongly acidic, but the oxides XbjOj andTajO* are more like the weakly 
acidic Ti02 and ZrO^. Vanadium, niobium and tantalum readily com- 
bine with oxygen and their compounds are reduced with difficulty, 
while the oxides of the odd series elements (except phosphorus) are 
easily reduced. All the elements form trioxides RjOs and most of them 
form dioxides ROj or HsO^. In the even series these are basic, but in the 
odd series the trioxidcs arc acidic with N, P, and As, amphoteric with 
Sb, and basic with Bi. The increase in basic pro[)crties with increasing 
atomic weight of the clement should be noted. 

All the elements except nitrogen form sulphides by direct combina- 
tion. Those of nitrogen and phosphorus have peculiar formulae and 
are easily hydrolyseci ; those of the other elements of the odd scries arc 
typical, RjS} and (except that bismuth forms only BijS}), whilo 
those of the even scries correspond w'ith varying valencies. Many sul- 
phides form thlo-salts such as Xa^AsSi with sulphides of alkali metals. 

Althougli vanadium com{)ounds can be reduced to t lie stage in 
solution, niobium stops at Nb'^^ and no salts below Nb^ have been 
isolated from solution Ta^ is not reduced by nascent hydrogen. 
Although yfii can be reduced (with difficulty) to metal by hydrogen 
at a high tem|H*rature, NhjO* and TsjOj arc not reduced. Vanadium, 
niobium, and tantalum form no nitrates or carbonates, and niobium 
and tantalum no salts with weak acids, which are ill -defined even for 
vanadium. 


Aasenic 


History.— The red mineral realgar Ai»|Saand the yellow mineral orpi»Jcnf 
AsjSj were knowti to llie ancients. OlympiiKloros (tiflh century} ileeoribw 
white areenic (arsenious oxide As, Of) obtam»i by roasting the sulplndo in 
air, and the olomenl iUelf was obtoine<l as a sublimate ami was uschI for 
w)ji telling copper. Tlie composition of wlnle arsenic as the colx (oxido) of 
metallic “ arsenic was recognised by Branrlt in 1733. 


Occurrence.— Native arsenic occurs in the Hars and in Japan. 
Compounds which occur »re the sulphides realgar and orpinicnt, the 
oxide arscMliU As,0„ IdllinQile FeAs,, nUcolilt NiAs. f*^"'*"* 
NiAs, nickel glance NiAsS, smallile <ir cobalt (Co.Ni.FcjAs,. 

arsenical pyrites or mUpickel FcAsS (isoniorphous with pjT.tcs FcS^l. 
and salts of arsenic acid. pharmacolUe CaHA30,.2H,0. eri/tAn/c or 
co6a/( bloom Co,(A50.)„8H,0. and mimetite 3Ph,(AsO.)„PbCl,, Nativ 
sulphur, iron pvrites and other sulphide ores often contain arsenic, and 
sulphuric acid made from arsenical pyrites may contain i per cent 
iisA Coal smoke, especially in ycUow fogs, may conUm arsemous 
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oxi<]e, from pyrites in tlic coal. Traces of arsenic occur in some mineral 
waters, in the soil (l-CO p.p.m.)» in the adult human body (0*1 mg. per 
leg.), etc. American tobacco (G-SO p.p.m.) and tho fresh edible parts 
of shell'lish (7>00 p.p.m.) contain unusually largo amounts of arsenic. 

In roasting minerals, co6<i//jfo, in metallurgical treatment fumes 
of arsenious oxide may be cvolTod and condense in flues aa a powder : 

4CoAsS + 90 j - 4CoO + 4 SO 2 + 2 A^Oj. 

This is obtained in larger amounts by roasting arsenical ores such as 
mispiekol in a current of air. ^fost of the arsenious oxide used is ob* 
tained from flue dust in cop|>cr, lead and tin amclting. cs[K?cially in tho 
U.S.A., Mexico and Sweden (where one smeller, on the Gulf of Bothnia, 
could supply the world requirement of ASsO}). Tho erudo oxide is 
sublimed in iron pots to form while artenie (popularly cal]c<i simply 
“ arsenic "], the commonest arsenic compound. 

Most of the arsenic is used in alloys with lead and copper ; as arsenite 
in weed -killer and sheep -dips, and copiwr, lead and calcium arsenates in 
sprays ; as oxide as a poison for vermin, preserving skins, in glass- 
making for removing colour, in enamolling, pyrotechny, wood pre- 
serving, and making pigments and mordants. 

Aisamc.— The element U obtained by lies ting the trioxide with char- 
coal in a clay crucible covered with an inverted iron cone, into which 
the arsenic sublimes as a grey powder : As^Oj + 3C * 2 As -i- 300 ; or by 
heating arsenical pyrites or mispiekel in a elay tube fitted for half its 
length with an inner tube of sheet iron, into which tlie arsenic sublimes 
as a nearly white cr^’stallinc mass, which is split off by unrolling tho 
iron tube : FeAsS-FeS + As. It is purified by subliming ^om char- 
coal powder. Arsenic sulphides arc not reduced by heating with carbon, 
but are reduced when heated with potassium cyanide : As^S) -f 3KCN « 
2A8.h3KCNS. 

Heat a little arsenious oxide in a dry teet-tube with dry iiowdered char- 
coal and potassium cyanide. A black nurror of arsenic sublimes. On boat- 
ing, this oxidises to a wliita sublimate of arsenious oidde. 

Arsenic, like phosphorus, exists in allotro^c foms (the designations 
a and y are sometimes interchanged) : 

(1) a-anenic or jtUov snciue, cubic, density 3*026 at J3*, soluble in carbon 

disulphide, ami corresponding with white {Bosphorus ; it is very 
unstable and readily pa^<iw into y-orecnic. 

(2) j6-amnio or black arsaoie, amorphous, density 4<71, insoluble in carbon 

disulphide, eorreeponding with axtH>rphouB phosphorus, less stable 
than y-STsanic. 

(3) y-arteaic or gray amnk (*' zsaialUc arsenic **), rhomboliedral. density 

6'?3, insoluble in carbon disulphide, and correepondiug with metal- 
lie phosphorus ; it 0 the stable and comnw form of aiaanio. 
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Yellow arsenic or a-arsenic, first noticed by Bettcndorff in 1867, is 
obtained (similarly to white phosphorus) by quickly cooling arsenic 
vapour. Arsenic is distilled in a current of carbon dioxide and the gas 
is passed into a U-tube, wliere it meets a current of cooled carbon di- 
oxide, and is then passed into cold carbon disulphide, wliich dissolves 
the yellow arsenic (8 g. in 100 ml. at 20^). The solution on evaporation 
in the dark deposits light -yellow regular crystals, which rapidly oxidise 
in air at room temperature with a faint luminescence and a garlic odour. 
It rapidly passes into y-arsenic when exposed to light, even at - 180^. 
Yellow arsenic is formed quantitatively by volatiUsing y-arsenic in 
vacuum and cooling the vapour with liquid air. Its molecular weight 
in carbon disul|>hide solution corresponds with As^. 

8unnous chloride wlien heated with a solution of arsenioiia oxide in 
hydrochloric acid gives a brouit precipitate of arsenic it4{\, 

part of which is a -arsenic, soluble in carbon disulphide. The yield is in- 
creased if the mixture is shaken with carbon disu I phi<le< luring the reduction, 
since the solution of a-arsenic is more stable than the solid. 

Black anenie or ^-sneok is formed when grey arsenic is rapidly heated in 
a glaas tube in a current of hydrogen, when it <le{)Osi(e on the cooler pert 
(2U0^«220”) of the tube as a sliining black mirror, some grey arsenic being 
deposited nearer the heated |>art (Iteraelins. 1844). It is not appreciably 
oxidised by air even at 80*. but at 300* it passee into y-arscnic with strong 
evohition of heat. 


0r«7 arMsic Or y-arseaic. the common variety, forms brilliant tin- 
white rhombohedral crystals with metallic lustre, and is a fairly good 
conductor of heat and electricity. It is isomorplious with metallic 
phosphorus (p. 568}. tellurium, antimony and biamulli. It docs not 
form an amalgam. It volatilises slowly at lUO^ and at 450* it sublimes 
rapidly without previous fusion » forming a colourless vapour, the density 
of which shows that It contains AS4 molecules. At higher temperntures 
dissociation occurs : AS4 v* 2 As,- When heated under pressure in a 
sealed tube grey arsenic melts at 814*. 

Grey arsenic is not oxidised in dry air at room temperature, but in 
moist air it rapidly becomes covered with a blackish-grcy film contain- 
ing arsenic trioxide, which can be removed by heating alone or with a 
little iodine. It begins to oxidise in air about 200* and at 250*-3l>0* it 
shows phosphorescence, the temiwraturc at which this apiwars in 
oxygen depending on tfjc pressure, as in the case of white phwphorus- 
At 400* it bums in air with a white Name, wliieli is brilliant in oxygon : 


AS 4 + 30j » 2 AsjOj. 

H^t 1 cm of arsenic in a mrrent of oxygen in a hoexi gliuw tube connects I 
witl.1!n e^>ty flask, the exit tube ,«^inff to a U-tube p«cke<l wKh 
wool to retain fumes of arsenious oxide. Tlie nrwmic bu^ «it 
dome and white solid arsonious oxide is depoeUo<l in the flask, 
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Powdered arsenic takes (ire in chlorine rortnin}! AsClg. and inflames in 
contact with bromine forming AsBr^. It com bines directly with sulphur 
and phosphorus on heating, but not with nitrogen or carbon. Arsenic 
forms fusible arsenides with most metals ; 0 3-1 per cent alloyed with lead 
makes the metal liardcr and more fusible, ami if this fused alloy is 
poured through a sieve, the drops falUng down a tower into water form 
shot. 

Hydrochloric acid dissolves arsenic only in presence of air. Dilute 
nitric acid has little action in the cold, but slowly oxidises arsenic to 
arsenious oxide when liot ; concentrated nitric acid rapidly oxidises 
arsenic to arsenic acid H^AsO^, which is rapidly form^. with some 
AsC)^, with a<)ua regia. Hot concentrated sulphuric acid is reduced to 
sulphur dioxide ; unstable arsenious sulffliatc As^tSO^)) seems to bo 
formed, but dccom]>oses into the trioxide. Arsenic is insoluble in 
alkali solution but is attacked by fused alkali hydroxide, forming 
arsenite and hydrogen: 2As-K6NaOH •2NaaAsO, + 3 H 2 : at high 
temperatures some arsenate is formed : 4Na}AsO} ■ SNa^AaO^ + Na,As. 


Aasbnic Hydiuds 

Ariraie trihydrids (ursine, or arstniurettfd hydrogen) is not formed 
from the elements but is produced by (he action of naeeent h^*drogen 
on a dilute solution of an arsenic compound (Proust, 1709). A solution 
of arsenious oxide is added to a mixture of sine and dilute sulphuric 
acid evolving hydrogen ; the hydrogen acquires a very unpleasant 
smell of garlic a nd bums wit h a I ilac- coloured fla me . Schcole d isco verod 
aialnc in 1775 by the action of arsenic acid solution on zinc. It is 
formed at the cathode in tlie elect rol)*sja of a solution of arsenious 
oxide, by reduction of the solution with sodium amalgam, and by warm* 
ing a solution of an arsenious compound with tine or aluminium and 
sodium hydroxide solution (neifmann's teet, 1851 ; arsenates and anti* 
mony compounds do not give this reaction). Arsenic hydride i$ very 
pQ\40n0U4. 

Pure arsine is prepared by passing the mixture with hydrogen ob- 
tained by the above methods through a tube cooled in liquid air, when 
H condenses to a white solid, m. pt. - 110*3% b. pt. -02 4®. On 
warming the liquid the pure gaa is evolved. 

Arsine may also be prepared by the action of dilute hydrochloric acid on 
sme aissnide, obUined by heating equal weights of arsenic and zinc in a 
closed crucible : Zn,As, + OHCl* 2.\sH. + 3ZnCJ, ; by the action of water 
on sodium wnide, fomwl by passing the impura gas over heated sodium : 
natAs + 3H,0 - AaH, + 3 XbOH ; by heating sodium formate (dried at 210*1 
with sodium arsenite: Na.AsO,^ 3HCOONa = 3Na,CO, + AaH, ; or (moat 
eoBvemently) by the action of warm water on aluminium arsenide, obtained 
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by heating ahtminiiim po^vder and pow<lcre<l arsenic in a covered crucible : 
AlAs + $H,0 = AI(0H)9 + AaHi (tho reaction may become vioiont.) 


On exposure to light moist arsine rapidly decomposes » with deposi* 
tion of black shining arsenic tvith a little yellow arsenic, but the pure 
dry gas is stable. It is decomposed by heat into its elenients> the re> 
action beginning at about 230^ : 2A$H} » 2 As -f SHj. From the ratio 
of the volumes of arsine and hydrogen, and the density of arsine, tlie 
formula AsH, is found (Souboiran, 1 830). Arsine is only slightly soluble 
in water and ether but dissolves readily in turpentine. It does not form 
compounds analogous to phosphonium com|K>unds. 

The Marsh- Berzelius test. — The formation of gaseous arsine by the 
action of nascent hydrogen on an arsenic compound, and the ready de- 
composition of arsine by heat, are applied in the very sensitive Morslx- 
Berzelius test. 


Marsh in 1836 used the deposition of arsenic on a cold surface held in the 
flame of the biiming hydrogen containing arsine ; Borselius (and Liebig) 
in 1837 passed the gas throxigh a tube heated at one ploceand obtained an 

arsenic mirror. , . 

Hydrogen generated from pure tine and pure clilute sulphuric acjd is 
freed from truces of hydrogen aiilpindo by a roll of dry lead acetate paper 
in the first part of the drying tube, the second half of which is packed with 

pure gronxilar calcium 
chloride, separated from 
tho paper by a plug of 
cotton* wool <Fig. 381). 
Tho dry gas passes throug h 
a hard glass tube heated at 
one point to dull redness. 
It the materials are free 
from arsenic, no stain is 
produced. Ifaddurc solu- 
tion ofarsenious oxide or 
4Jxy motorial to be l«ste<l 
for arsenic is added to 
tho flask, arsine is formed, 
which i» <lecomposod in 
lijo hot tube, a broxvn 
or black mirror being de- 

posited beyond tl.o heated portion. 'Ir: 
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porcelft in dish w ith wotcr : 2-\at H , = 2M ♦ 3H , . Tl *ce» c I wdol v© roftf 1 ily 
in sodium hypochlorito or bleaolimc iM>M-»lor forminn aKonk •cUi 

or art©nat« : 2 As + 5NaOCl + 3H,0 = 2H,-AsO* + SNaCi, but arc insolublo 
in tartaric acid. If a spot is moia(cr>c<l wiiii yoJlow ammonium eulpbids^ 
and this evaporated by gentle iioUing, a brifjitl 
ytllow spot of As^S, is left. 

l!h9el<ttrolt/lic Mar$h U4i (first tise<l by Bloxam 
in 1801) is now generally iise<l. The mercury 
cathode, on which arseru^/er (not retluced at a 
platinum cathode) also form arsine, is contaixiod 
ill 4 porous pot, waxe<l except for a central part 
aud fitted with a rubber stopper carrying a tap* 
funnel for introtlucing and withdrawing li(|uid 
and a delivery tube connected with a culciura 
ciiloride tube an<l tlie electricolly Iioated hard 
glass <lecomposition tube. The anode is a mil 
of platinum foil oiitsule the porous cell in a 
gloss vessel. The outer vessel and iwnnis coll 
contain dilute sulphuric acnl. The solution to be testeil is added through 
the iap'fuAnel (Fig. 382). 

Arsine passed into diluU silver nitrate solution gives a bisck precipi- 
tate of silver and the filtrate contains arsenious acid (r/. antimony) : 

AsH) + 6AgKO, 4^3HtO > H,AsO, GHNO^ ^'OAg. 

With moH ometniTQitd silver nitrate solution no precipitate ii formed 
but a yellow solution of a compound of vlver arsenide and nitrate : 

AsH, + 6AgNO, - Ag,As.3AgNOa + 3HNO,. 

On dilution u ith water, a black precipitate of silver is deposited : 

Ag,A8.3AgNO, ^OAg + 3HKO, 4 HaAsO,. 

Arsine with mercuric chloride gives a yellow coloration, due to the 
formation of AsH(HgCk)|, which on further treatment gives brown 
As(HgCl)} and finally black As^Hg^. This is the basis of the sensitive 
Ounm uii (1870). 

Tlie solution is added to pure zinc and dilute hydrochloric acid containing 
a little stannous chloride (le reduce any 5 .valent arsenic) in a small bottle 
fitted with a rubber stopper and a vertical tube containing a roll of lead 
acetate paper, witli a bo^l rubber stopper at tiie top. A piece of filter 
paper previously moistened with mercuric chloride solution and dried is 
placed over the hole of the upper stopper and anotlier similar stopper is 
placed on the top, the two being lield together by a spring clip. The yellow 
stain on tlie pajier is compared with standards. 

A tolid artenic hydride As,H|. is sakl to be formed as a brown powder by 
(i) the electrolysis of dilute sidphuric acid or sodium hydroxide solution 
with an arsenic cathode, (ii) the acUon of a*atar on sodium arsenide, (ill) the 
action of a silent discharge on arsine, and (iv) by mixing a solution of aisenio 
chloride in hydrochloric acid with a solutitm ot stannous chloride in ether. 
Another brown solid liydrkle AS|H, is said to be formed by oxidising arsine 



Fio. 382.— Eloetrolytio 
Marvh apparatus. 
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with a solution of stonnio clilori«lo in hydrochloric aci«l : 4AsHa *■ 5SnCI, = 
Aa^Hj + JOHCI + SSnCl,. Tlxe identity of these solid Iiydphles is doubtful. 

By tlie gTou-th of moulds in presence of aisenic compounds (e.g. Scheele’s 
green on wall-paper) & volatile poisonous arsenic conipoiuKl, trimethyl- 
arsine As(CHa)a, is formed* not arsenic Itydride, as was once thought. 


Halooes Compounds of Arsenic 

The stable arsenic halides (including the fluoride) are covalent com- 

E o\inds of the t^-pc AsX,* tlie only definite Imlidc of o- valent arsenic 
cing AsFj. 

AsF, colourless liquid, b.pt. (>0*4% m.pt. - 8 *^^ dens. 2 GUU at 0* 

AsP» colourless gas, b.pt. ^ 53^, m.pt. - 30*. 

AsCi, colourless liquid, b.pt. 130*3% m.pt. - 13% dens. 2*20.') at 0% 
AsBr, colourless prismatic crystals, m.pt. 31% b.|>t. 221% dens. 3*06 at 
13% 

Asl) reil hexagonal and rliombubedral crystals, m.pt. 140*7*, b.pt. 394*- 
414% density 4*39 at 13*. 

AsJ« red prismatic crystals, m.pt. 130% b.pt. 373*-330*. 

Arsenic bums in fluorine to form AsF, ond AsP«. Amoic trifluorids 
AsPa (Dumas, 1326), a colourless fuming li({uid, is prepared by heating a 
mixture of airseniuns oxide, powdered fluors|>Ar and concoutrot^ sulphuric 
acid in a lead retort : As,0 , 4 6 HP m 2 Asp 9 * 3H|0. It is hydroly^ by 
w*aier. 

Aneoie peoUflucrids ASP 4 is a colourless gas obtained by distilling a 
mixture of arsenic trifluoride, antimony |>ontafluorule and bromine at 0 
temperature not excee<ling 55*, and collecting in a receiver cooled in liquid 

• AsF, 4 2 «bF 4 4 Dr, » AsP, 4 2SbBrF,. 

FluoarssQatcs K,AsP,.H,0 nnd KAsOF 4 ,H ,0 aro cr>*Amllino solids formed 
by dissolving |x>Uisaium arKoriule in liydrufluoric acid. 

Ansaic Iriehlorids AsClg {bulUr of arsenic. Glauber, 1643). the most 
important halogen compound of arsenic, is formed when arsenic bums 
in chlorine gas (a reaction which occurs spontaneously even if tlie 
materials are very dry), or by heating arsenic with mercuric chloride, or 
by heating arsenious oxide in chlorine 

1 1 Asp, 4 ecl, -4AsCI, 4 3 (A.« 40 „ 2 A 8 P,). 
or (usually) by distilling a mixture of arsenious oxide, sodium chloride 
and concentrated sulphuric achl, and condensing the vapour in a cooled 
receiver : AsP, 4 OHCI 2Asa, 4 3Hp. The distillate ia freed from 
excess of chlorine by distillation over jiowdcrcd arsenic. The moat 
convenient method of preparation U to heat arsenious oxide with sul- 
phur chloride under a reflux condenser, pass clilorinc through the mix- 
ture, and distil (Partington, 1929) : 

4As,0, -rSSpl, 4 9CU* 8Asa, 4 6SO,. 
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Arsenic trichloride is a colourless liquid, which in a good freezing 
mixture forms pearly crystals. It fumes in moist air and is hydrolysed 
by water : the first product is said (Wallace, 1 808) to be a crystalline 
hydroxy oil loride AsClCOHjj but with excess of water arsenious oxide is 
formed : 2AsCI, + 3HjO ^ AsjOj + 6HCI. Tlie reaction is reversible and 
arsenic chloride distils when arsenious oxide or an arsenite is boiled with 
fairly concentrated hydrochloric acid. An arsena/e is not decomposed, 
except w ith f um ing acid. The freezing -point diagram shows no evidence 
of AsCl$. 

Atseiuc tribromide As Bra. * white crystalline soli<l, less easily hydroly^ 
than AsCI,. and srsmic tri-iodids Asl,. red crystals, are formed by hosting 
arsenic with a solution of the halogen in carbon disulpid<te. The tri-iodide 
is only slightly hydrol>‘sed by water snd Is precipitated on adding 
a solution of arsenious oxido in lioi hydrochloric acid to a solution 
of potassium iodide. A di-iedids As,I«. obtained os a dark-red mass by 
hesting iodine with arsenic in a closed tube at 260*. is soluble in CS| but is 
decomposed by water into Asia ond arsenic. Asl (a brown powdor rorme<l 
by saturating alcoholic iodine solution with arsinei anti Asia (a brown solid 
formed by healing Asl, and ioflino at I AO ) are «lt»iihtfiil. 

OXIllEN Mil) 0\VAC1U8 OF AltSCNIC 

Arseoious osde (arsenic Irtoxidc) is a white solid, subliming freely at 
about 103*. The vapour density below 800* corresponds witli As|0|, at 
1800* with Atfiy In solution in nitrobenzene tlie furintda is A3|0|. 
Arsenious oxide exists in three forms : (i) an am<?rphou3 glass, dens. 
3738, m. pt. 200*, (ii) octahedral (the common form), dens. 3'G89, m. pt. 
275*, b. pt. 463*, sublimes above 135* witliout fusion but melts under 
pressure, (iii) monocliaic. dens. 3*85, m. pt. about 312*. 

The amorpkcM variety (first mentioned by Roger Bacon) is a colour- 
less transparent glass formed when the va|K>ur is slowly condensed at a 
temperature slightly below the point of vaporisation, according to 
Rusliton and Daniels (1920) at 275*-31d*. It maybe kept in a sealed 
tube, but at 100* or in presence of moisture it becomes opaque and 
very slowly passes into the octahedral form. The solubility (1 part in 
about 25 parts of water at 13*, or in 12 parts at 100*) decreases on stand- 
ing, owing to conversion to the octahedral form. 

The octahedral form is stable under ordinary conditions and is pro- 
duced when the vapour is rapidlif condensed, when the trioxide is crystal- 
lised Rx>m water or hydrochloric acid, or spontaneously uith evolution 
of beat from the vitreous form. Arsenious oxide powder is not easily 
wetted by water and dissolves only slowly, more rapidly on boiling. 

When 16 gin. of .Aa,0, ere <li&sol\‘od by heating in a mixture of 60 ml. of 
water and 90 gm. of hydrochloric acid of dens. 1*1, the crystallisation on 
cooling is accompanUxt by brilliant fiasbes of light (Rose, IS36). 
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The monocUnie variety, which occurs as the mineral claudttiU, crys- 
tallises on cooling from a boiling saturated solution of the amorphous 
substance In alkali arscnite solution, or by sublimation under special 
conditions. 


If arsenious oxide U liented in n sealed tube at 400^ the vitreous form re* 
mains at the bottom of the tube, (he monoclinic form sublimes to (he inter* 
mediate part at 200^, ami the octahedral to the top of the tube. The 
different forma may bo recognised under a Ions (Debray, 1864). The transi* 
tion jioint of tlie octal^edra] and monoclinic varieties is 290* but the change 
is very slow (Rusliton and Daniels, 1926). 

T])e structure of the As^Ot molecule is the same as that of P|0| shown in 
Kig. 304. Ill (he cr^tal the Structure of octahedral As«0« is a diumond 
lattice (Fig. $00) with tetrahedral As^Oi molocuke replacuig carbon atoms. 


Arsenious oxide is easily oxidi$td to the pentoxide, arsenic acid or an 
arsenate, by ozone, hydrogen peroxide, chlorine, aqua regia, bromine, 
iodine, nitric acid, and h>q>ochloritcs (especially in alkaline solution) : 

As,0, + 2CI, + 5H,0 - 2 H,As 04 + 4Ha. 


It precipitates red cuprous oxide from Fehling's solution. 

Arsenious oxide is easily rtdhted to arsenic by heating with charcoal 
or potassium cyanide, by a solution of stannous chloride, which gives 
a brown prcci pitate r As^O^ * SSnCtj + OH Cl • SSnCli + 2 As + 3 H gO, 
and by boiling with hydrochloric acid and copper foil, which becomes 
grey owing to deposition of arsenic : 

As^Oa -hOHCl -i-GCu •2As4-6Cua -f 3H,0. 

If the copper foil is washed, dried, and heated in a tube, a crystalline 
sublimate of arsenious oxide is formed {lUiaKh*t («it, 1838}. The mere 
change of colour of the copper is not decisive, as it is also given by 
selenium, mercury, antimony and bismuth compounds. Arsenates are 
only slowly reduced. 

Arsenious oxide reduces ferric chloride solution on heating : 

4FcClj + As,Oj +5H,0 -2HjAs04 + 4FcCI, + 4HCI. 
and arsenites in alkaline solution reduce nitric oxide to nitrous oxide. 


IW the action cif fuming siiljihiirir «rid nnd of SO» <m the triox wle, un* 
compmm.!* ..f As.O. will. I. i. 3. 4. B «.ul 8 SO., 
water, arc forme.! : .Va.O, tlicn aria a» a feebly baeie oxi.le (A.be. 

Small quantities «i arsenious oxiile oeeiir in some mineral wntors. whirti 
are use.l os noree tonics, in skU. .ILsenses. nn.l i.i i.nproving the bJo<xI, It is 
a violent poison : o nil gm. is a .i..nger..i.s .lose am! n I2.'-.-0-2.. gm- is falab 
The T>ca8imts of Styrin i.ro sni.l to l>o ..l•l<• to ensumo arscuons 
omouiits (0-3 "in.) wliicli woiil.l onliiinnly Iki fatal. It w sai.l to act a 

to S>f -v® ‘'‘® broatbing in ...uuntain dimbing. ami to «.vo 
Sne^ U.Tha figure, fr^bly ..redpitato.! ferric byaroxkle, obtained 
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by adding magnaaia to a aolution of fattic chlorido, adsotU areaniooa oxida 

and U recominwidetl as an antidota. ... j ^ 

Arsenioua oxide has only a feoblo bactancidal action and eome moulcU 

flourish on arsenical solutions. 


Arsenious acid and arsenites.— A solution of arscnious oxide in water 
has a feeble acid reaction and may conUin arsenious acid HjAsOj or 
HAsO, although only the trioxidc crystallises on concentration or on 
cooUng a hot solution. The acid is very weak. Arsenious oxide dis. 
solTea in solutions of alkali hydroxides or carbonates (when carbon 
dioxide is evolved ; even warm sodium bicarbonate solution dissolves 
it), forming i««uus. wliich are not always wcU defined. They <»n^- 
pond with tlie hypothetical arsenious acids : ortho K,AsO,, pyro H 4 AS 1 O 4 , 
and meUt HAsOj. 


Although the formxilae of arsenic comj>oun<U are generally analo^us te 
those of phosphorus, arsenious acid is tri basic and iu formula is different 
from that of plioaphorous acid, which is dibasic : 

.OH 


OH 

HO— 

^OH 


')r 


OH 


On dissolving arsenious oxide in hot sodium hydroxide solution and 
evaporating, a white amorphous powder of so^um srssuu Na^AsO, or 
NaAsO, is obtained, soluble in and hj-drolysed by water. A aolution 
gives with silver nitrate a yellow precipitate of silvef arsesiie Ag,A 80 „ 
soluble in acetic acid (the yellow pliosphate is insoluble). Copp« 
sulphate gives a brighUgrecn precipitate of cupric arteaiie {SchuU's 
grun). CuHAsO, or C?u,(As0,),.2H,0 (Bomemann. 1922), «^d as an 
insecticide and formerly as a pigment. When ita solution in alkali is 
boiled, an arsenate is formed and cuprous oxide precipitated : 

2Cu**+As03'"+40H' -CujO + AsO/" +2H*0. 

The brilliant SchtreinfuH green or Pone gr«» is a compound of cuprio 
arsenite and acetate, with the formula Ou(CjHjOj)j,3Cu(AsOt)j, 
obtained by adding dilute acetic acid to precipitated copper arsenite, 
or by boiling basic copper acetate with acetic add and arsenious oxide, 
and is used as an insecticide and an oil or water colour. 

Arsenic pentoiide and arsenic acid. — Unlike phosphorus, arsenic 
bums in oxygen to give practically only the lower oxide A8|0). Caven- 
dish obtained arsenic add, corresponding with arsenic pentoxide, in 
1764, but did not publish the work, and the acid was independently 
discovered by Scheele in 1775 by oxididng araenic trioxide with chlorine 
water. The add is usually made by boiling arsenic irioxide widi con- 
centrated nitric acid : 

AsjO* + 2HKO, + 2H,0 - 2H,Aa04 + NtOj. 
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Th© very concontrat^tl eolution on cooling deposits rhombic crystals of 
orthoAneaic scid 2H>A80*,Hs0 (sometimes HjAaO, separates). At lOO* 
tJxese meJt, lose water and leave a crjaUllino powder of H,A9,Oi, or 
3.\3,Oj,aHjO (Menzioa and Potter, 1912). At 100® slowly, or at 200® 
rapitUy, the acid fonns aissak psntoi&de A8,0,. a delirtucecent amorphous 
w'hich dissolves slowly in water. PTieaissaic acid H^As^O? is obtained 
in cr\'8tu]s by evaporating a solution of areenic acid in an open dish until 
the temporoture rises to 1 70®- 1 80® (Rosenheim and Antelmann. 1930). 
MetA*arKonic ac’i<| is not kno\^*n. Arsenic pentoxide flecompusee at a re<i 
heat : AjJjOi = As,0, + O,. 

Arsenic acid is an oxidising agent : it liberates iodine from an iodide 
in acid solution ; AsO/" + 21' +2H' » AsOj'*' + 1, + HjO, and with hot 
fuming hytlrochloric acid It evolves chlorine (MajThofer, 1871): 
As A + I^HCl - 2A3CI, + 2C1, +5H,0. 

The arseoates arc generally isomorphous with phosphates and have 
similar formulae. The normal ortho-arsenates exist both aa solids and 
in solution, but (unlike the phosphates) the p>TO- and meta-arsenates 
exist only ns solids, prepared by heating the appropriate ortho-salia, 
as ill tlic case of phosphates r 

2Xa,HAs04 - XtiAsjOr + H,0 

NaH^AsO^ - NaAsO, + 

Common sodium arsenate Xa^HAsO^dSH^O is largely used in calico- 
printing ; calcium, magnesium, manganese and lead (PbHAsOi) 
arsenates are used as sprays for fruit trees. 

Ammonium molybdate and concentrated nitric acid give with 
arsenates a yellow precipitate aimilar to that obtainc<i with phosphates, 
but only on heating. Magnesia mixture gives a white crystalline pre- 
cipitate of magnesium ammonium arsenate MgXH^AsO^.UHjO, similar 
to MgXH4POj,6HjO- On heating, this gives magnesium pyro-arsenate 
MgjAsjOv 

Arsenates are <li8tinaui8jie<l from phosphates by giving with silver 
nitrote in neutral solution a light chofolait brown precipitate of sih'cr 
orsonnte AgjA»0*, soluble in dilute nitric acid and in ommonio. An 
areanite present may be detect e«l by dwsolving the precipitate in dilute 
nitric ari<l, ©voiding excess, and ashling ammonia drop by drop, lirown 
sih er arsoemte is liret j)recipitote<l. then )-olJ<*w silver owonilo. 


ARSE.NIC .Si'LPRXDES 

The compounds As^S, As^, AsA As^* (the first somewlml 
doubtful) are known. The disulphide A.vS occurs as the retl mineral 
realgur, and tfio trisulpIxUlc the yellow mineral orpiment 

( •auripigmrnlum). and they arc made by heating arsenic or ar«*riii>u» 

oxide wilh sulphur : + US *- iAs^S, + aSO.. 
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The disulphide is not easily made in this vay, and an impure product is 
roode by distilling iron pyrites with arsenical pyrites : 2FcAsS 4- 2FcSs 
• A8^ + 4FeS- 

Amaio disulphide (dens. 3*506) becomes yellow when exposed to light 
in air» from formation of Aa^S) and As^O^ ; it becomes black at 267^ 
owing to conversion into an allotropic form (dens. 3*254). 

AisMiic trisulphide (dens. 3 '43) is formed as a yellow j>rcci)>itatc on 
passing hydrogen sulphide into a $(^ution of arsenious oxide in dilute 
hydroehloric acid: 2AsCla4'3H2S-AstS3*i*6HCl. Orpiment is used 
as an insecticide. A mixture of tlic trisulphide and trioxide, made by 
subliming the trioxidc with sulphur, was the pigment Kin^f'a t/tllow, 
now replaced by lead chromate. 

Realgar and orpiment are used in p^Totcchny { Bengal Jira is a mixture 
of 2 parts of realgar. 7 parts of sulphur and 24 parts of nitre), and mixed 
with slaked lime for removing liair ; the active agent is probably 
calcium hydrosulphide, and sodium sulphide is now* mostly used instead 
of tlie mixture. 

Arsenic disulpliide and trisulpbido bum when heated in air. forming 
sulphur dioxide and volatile arsenic trioxide. They are almost in> 
soluble in hot concentrated hydrochloric acid (antimony sulphide U 
readily soluble) but are oxidised by nitric acid. 


Amnie ptaUiulphids AS|S« is formed as a lightly allow ]iraci]>itate when 
h)*drogan suJphkJe is passed rapidly into a warm solution of arsenic acid 
containing 10-12 per cent of free hydrochloric acid (Bunsen. 1878): 
Aa,0| 4 5H|S s AttS« + 5HaO. If the reaction takes place slowly an<l in the 
cold, a white precipitate of sulphur la Hrst formed and tlie arsenic acid u 
reduced to arsenious acid, which is then precipitated as arsenious sulphide : 

H»AsO« + H,S sH,AsO,4^ H,0 + S 
2H,AsO, 4 3H,S » As.S, + 0H|O. 

Arsenic trisulphide dissolves readily in alkali hydroxide or ammonia, 
and even in w'arm ammonium carbonate solution (antimony trisulphide 
is insoluble). It is usually supposed that a mixture of arsenite and 
tUosnsaiu is formed : 

As^, + 0OH’ - AsO,"' + AsS,"' 43H|0. 

but the thioarsenite may be hydrol}*8ed in solution to areenite. On 
acidifying, all the arsenic is precipitated as trisulphide : 

AsO, ' + AsS,"' + 6H* » AsA + 3H,0. 

When arsenic trisulphide is dissolved in an alkali sulphide, a thio* 
arsemto alone U formed: 3S"+As^«2AaS,'". Thioa^nites nre 
derived from hypothetical thioarsenious acids : HjAsSj {ortho), 
(l^ro). HAsS| (mefa), but (like the arsenites) have not been 
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much in vestigft ted . (NH 4 )) AsS, and Ca 9 ( AsSg), form colourless crystals, 
KjAsS) and Na^AsS^ amorphous white powders. 


Wlien arsenic trisulphide is boiled uith sodium carbonate solution, 
carbon dioxide is evolved, arsenic disulphide (As^S,) precipitated, and a 
solution of a thioarsenite formed. On fusing the trisulphide with sodium 
carbonate, arsenic sublimes and the residue contains an arsenc/c and thio* 
arHeno/r. Arsenic also sublimes when the sulphide is fused with sodium 
carbonate and potassium cyanide : it is said tliat none then remains in tlie 
residxie. 


Arsenious stilphide dissolves in an alkali polysulphide, e.^. yellow 
ammonium sulphide (NHj^ to form a Uuosrsenste. also formed when 
a thioarsenite is digested with sulphur: AsS^'" + S-A 8 S,'". On 
aciilifying. a yellow precipitate is formed which has been described as 
the pentasulphide or as a mixture of the trisulphide and sulphur 
Arsenic trisulphide and sulphur or arsenic pentasulphide when digested 
with alkali hydroxide form salts eontaining both oxygen and sulphur ; 
e.p. NajA30jS,12H,0; KjAsOS, ; Na,HAsOA 8 HjO ; NajAsOsS,, 

1 1H,0 : + 6 KOH - K,A 8 S 4 + KjAsO,S + 3H,0. 

Tliese are colourless and are decomposed by acids into arsenic acid 
and free sulphur or arsenic trisulphide. The thioarsenates are soluble 
and crystalline, e.g. Na,A8S..8H,0. (NH.),AsS,. By the action of 
sodium sulphide solution on arsenious oxide in the proportions 2Ns,6 . 
AsjO, a thioarsenate and elementary arsenic arc produced. 


A .ubHUlpl.i.lo As,S. »Hl to iK- fonmi! a. a dark-l.ro«-n 1“" 
ac'lion of PC'I. an-l «<>. ana-ni.r *.lot,on. or by 

aodium Uy,«.i.1|.I.ite (NarS.O.) on an an-nne or a^natu ^iu.ion (bcott. 
1900), is a mixture of arsenic and sulphur (Hams, l«vl ). 


ASTtMOXY 

History —The earliest rocor<ls mentiem nruler various nnm« a subst^ce 
used os a pigment and for i»aintjng tlio cj-ebm^-s- This pmctico dat« f^m 
prel.i*toric tim» ; it «a» i«o.i ia h^gyi-t •• a» early a. 3400 J' « 
Lck pigment c.mo from Arabia, waa callo.! meUm. 
irifti although usually galona, was somotimw native 

^ujiiido .Sb.S.. .iLiU. In IV. Kings ix. 30. .bo ^•ulga.o - 

*• P«rro Jczobel introitu ejus aii<hto, dopinxit .>cuJos suos stihio. 

ySbc an^;^!:-,- U easily ro..u«<l fn.m s.ibni.o. 

.sf 10110 n c was foiiml by IteHhclot to consist of pure metallic oJitiin > 

. with lead. C'onseantmiw Africamis (c. lOoO a.d.) ro ers 
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in xDddictne by Paracelsus. The Arabic name for iwaly-powdered atibnito. 
al kehly was applied by Paiacelaits to Ute quinloesence.” and thence to 
spirit of wine-^icoAof. 


Occunenca. — Metallic antimony is found in Sweden, Borneo , Queens- 
land, etc. ; the ozidts Sb^Oa (rafenfinife and senarmoniU) and Sb^O^ 
{cenantiU) occur only sparingly, and Uie only important ore ia tho 
sulphide Sb^Si, MniU, density 4-C4, found in large quantities in China 
(Hunan province), and less abundantly In Mexico, Bolivia, Peru, 
Ctechoslovakia, Yugoslavia, etc. It is found in black or grey crystals 
(often radiating needles) or as compact masses. The ores are difficult 
to concentrate, but float ion can be \iscd. 

Metallurgy.— In the preparation of antimony stibnito is first li^ufited, 
t.s. heated so that the readily fusible sulphide of antimony flows away 
from tbe rock. The sulphide is then reduced by heating with iron and a 
little salt in plumbago crueibles : Sb^S, + 3Fe - 2Sb -r 3FeS. Tbe metal 
(re^uZus o/< 2 nfimeR|/) melts and collects below tbe slag. 

The sulphide may also be carefully roasted in a reverberatory fumaeo 
to form antinwn}f dioxidt At higher temperatures antimonff 

irioxide SbtOj sublimes : 


2Sb,S, -I- 90, - 2Sb,Oa «!• 6S0,. 


The antimony oxides are mixed with charcoal and sodium carbonate 
and heated to redness, when reduction occurs: Sb|Oa*f dC«2Sb + 
SCO. The regulus is purified by fiaing with sodium carbonate and a 
little nitre, and then crystallises on co^ng, with beautiful star^shaped 
or fern-like forms on the surface {tior anfimony). 

Oxide ores may be dissolved in hydrochloric acid and tbe antimony 
precipitated from the solution of antimony trichloride by iron : 
2SbGl, -I- 3Fe - 2Sb -f 3FeC),. 

Antimony is precipitated as a fine black powder by zinc from a 
solution of the trichloride ; this powder is used in covering plaster 
casts to give them the appearance of steel. 

Pure aniimony is made fram the pure pentoxide (prepared by the 
hydrolysis of recry staUised chlorantimonic acid) by fusing with potas- 
sium oyanide or beating in a current of hydrogen. 

When a piece of zinc is laid on a piece of platinum foil in an acidified 
solution of an antimony compound a black stain of antimony deposits 
on the platinum. If a tin salt is present metallic tin is deposited on 
the zinc. 


Properties.— Antimony ia a silver- white lustrous metal, density 6*67, 
which is brittle and easily powdered. From the fused metal, on slow 
cooling, large obtuse rbombohedral crystals are form^, but after rapid 
cooling the metal has a granular structure. Tbe fused metal (m. pt. 
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030*) expands slightly on solidification. Antimonv boils at 1380*. 
The vapour densities at 1572^ and 1&*0* corTes|>ond with the molecular 
weights 310 and 284, rcsjiectively, intermediate between Sbj and Shj, 
|>crha|>a Sb^ 2 Sbj ; the froeiing i>oints’of solutions in lead and cad- 
mium correspond with Sbj and Sb, resjwctively. 

Antimony is a poor conductor of heat and electricity ; it is dia- 
magnetic. 


Antimony is unehanged in air and is not acted upon by water or 
dilute acids. It decomposes steam at a red heat and is oxidised by con- 
centrated nitric acid, giving oxides of nitrogen and a wfjite jiowder of 
hydrated antimony pentoxidc. The pure metal does not dissolve in 
concentrated hydrochloric acid in absence of oxygen, but the commer- 
cial metal dissolves on heating. Antimony is attacked by hot concen- 
trated sulphuric acid forming the sulphate 8 ^( 804 )^, and it dissolves 
readily in aqua regia forming a solution of the pcntachlori<lc SbCl^. 

When strongly heated in air antimony burns, evolving white fumes 
of the trioxide Sb^O^j. A bead of antimony when heated on charcoal 
before the blowpipe continues to bum when the flame is removed, and 
if dropped on a piece of pa]>cr turned up at the edges the bead breaks 
up into burning globules, which dis|)ersv and leave curious charred 
tracks on the pa]>er. Antimony burns brilliantly in oxygen, even 
in complete absence of moisture, ll also ignites spontaneously in 
chlorine. 


AUotropic forms of a&timooy. — VnsUble allotropic forms of antimony 
are known. TeUow or a-aatimoBsr is fi»rme<l by tlie action of osonise<i 
oxygen on li(iui<l stibine SbH) at - 9U'. It Is amorphous and is slightly 
soluble in carbon duuilphida. Yellow Antinomy is very unstable and pnssos 
readily above ^ 00* into bUck aotimoaj, an Amorphous block yiowder. 
density 5*3. former I directly from liquid slibine and oxygen At -40'. 
Rlack antimony oxiclisen xjHmtaiicously in air and on worming forms onli- 
hAry antimonv, with evuhition of heat. Amorphous sfitunoaj was obtAino<l 
by Ciora {1834) by the alow electrolyxki of a con cant rated solution of the 
trichlorida in hydrochloric acid with a i)rAtinum wire cotluxlo and an 
antimony anotla. The metal <le|HiAi(a<l on tlw cuthmlc reeemblee jwlishwl 
grei)hiia, ami liaa an average density of 5 “8. When scrotchwl it ih 
I) loBivaly convaPte<l into onliniiry ontuiumy with evolution of heat and 
fumeM of which it always rontairw to the extent of -t-12 |>er cent. 

At 200* it explwlea violently. Atnorphous nntimon>' can bo kept un<lor 
water, but -if this is hootwi to 75 ^ tlw anticJiony xindargoes chatigo with ft 


biasing noise. 

Alloys of antimony. — Antimonv is a constituent of several important 
alloys. A mixture of 15 parts of antin.ony and 85 of load •* 
or ivlimonial lead, .ise.1 for stopoocks for si.lpluinc noid. Tlio niiwt 
iniiH-rtant alloys are witli le«<l and tin, ..se<l for |.nnt.Ts tyjM- , inota 
ty/ie eoiitaininj; antimony is n-fernsl to by IJasil \nl.’nliue as 
(wmnion use in 1«00. Tl.ose alloys exi«nd on solidifieation. Tlie 
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definite compound SbCuj U a U-aulirul purple alloy called re^altu 

oj 1 

T> pe meUi 
Linotype metal • 

Monotj'pe metal 
Uritftunia metal • 

Pewter 


intermetallic comiwimda, are known. Antimony forma aaitmoftides 
with alkali nictaU, LisNb, Nu:^b. NaNU, etc- 
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Cu 

Zn 

Bi 
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<ed hexagonal structure 

. and 

many 

other 


CoMP«l*SI>S OK AXTIilOSV 

Antimony fortns two scriea of coin|KHin<Ls, tlic as^jiwobow ccmpound$ 
SbXj in wincli it U 3- valent, and the aMtinonie fompountU SbX^ In 
Mliich it ia y-valent. Both arc stable. The halogen com|)Ounda are 
covalent {although the lluoridc forma a conducting solution) and there 
is little tendency to form salts with oxyacids. the sulphate Sb,(S 04 )j 
being the only one u'ell*definc<l. TIu? oxUlcs Sb^O} and Sb|0| are 
amphoteric, but Sb^O^ is decidedly acidic. An oxide Sb| 04 , wliicij may 
be (SM’^OKSb^Oj). ami a chloride SbCl* in solution, forming stable 
complex salts, t.g. Ub^bCl^, arc known. 

Antimony hydride.^ Atttlmonv an<l li^xlrogcn do not combine directly 
but the hydride SbHj or is formwl mixed with hydrogen when a 

solution of an antimony salt is added to zinc mid dilute sulphuric acid 
(L- ThomiKwn, 1837 ; Pfoff, 1837) i.t. by the action of nascent hydrogen - 
The gas bums witli a grey flame, evolving white fuajcs of antimony 
trioxide. A black stain of antimony Is dcf>osiled on a cold porcelain 
dish licld in the flame and on both sides of the heated spot on passing 
the gas throiigli a heated glass tube (ar^ie is de|K>sited from arsine 
only on the side furthest from tlie generating flask) : 2SbH) «2Sb 4 3H|. 

To clistingiiiali the antimony fr^mt tlie similar but brighter Arsanio 
mirror, three sp<ita are farmed on tlie ili«h« which are tnwted as follows : 


{1) Moisten with a 
solution of bleaching 
powder : 

As dissolves : 
5Ca(Oa),4 0H,O4As, 
B5CaCh4 4H4AsO«. 
Sb K insoluble. 


(2) .Moisten witli a 
coiicentruted solu* 
tion of terteric acid : 
As is insoluble. 


Sb diseolves forming 
<SbO),C.H.O*- 


(3) Moisten with yel« 
low ammonium sulpliide 
and ova|>orAte : 

As gives a yellow 
residue of AsaS*. 

Sb gix’es an orange resi- 
due of SbySi. 


A good yield of stibine ts obtained by dropping a solution of antimony 
trichloride in 1 : 1 hydrochloric acid into a fiaak containing aino and dilute 
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Jiy<JrDcliloric aci.J, or by tho artion of dilute stilphuric acid on an alloy of 
ocpiol weights of zinc arul antimony. Pure etibiue a |)Popared by acting 
with liyilrochloric acjd on on alloy of magnesium wiUi 33 per cent of anti- 
mony, waahiog tho gas with water. <lr> ing with calcium chloride and phoa- 
phonis pent oxide, and leasing thr»)ugh a tube coole<l in Uejuid air. White 
solid stibine (m-pt. - 88*. b.pt. - 17*) is formed. On wanning this evolves 
pure St j bine, w hich may be collected over mercur>' and is fairly stable when 
dry. 

Stibine is fairly soluble in w'aler and very soluble in carbon disulphide, 
It has an unpleasant smell and is poisonous. It is attacked by air or 
ox)'gen, forming water and antimony, and decomposes into its elements 
when moist, or with explosion when heated or sparked, or soraet lines 
spontaneously, as it is endothermic. The density is slightly higher than 
corresponds with SbHj. 

Hydrogen containing stibine gives a black precipitate with silver 
nitrate solution and the filtrate is free from antimony, w*hiUt wdth arsine 
the hltratc contains all the arsenic. The precipitate lirst formed is 
silver antimonide AgjSb, but this is rapidly decomposed by excess of 
silver nitrate into a black mixture of silver, antimony trioxide and a 
little antimony {Lasaaigne, 1840) : 

SbHa + 3AgN0, - Ag,Sb -i- 3KN0, 

2Ag,Sb -f GAgNOa + 38^0 • l2Ag 4^ Sbfit ^ 6HN0,. 

If this precipitate is warmed with hydrochloric acid, the filtrate gives 
w'ith H{S an orange-red precipitate of SbjS,. 

Antimony halides. — Covalent halogen compounds of the type SbXg 
are formed irith all the halogens, SbX^ only with fluorine and 
chlorine. 

Aatiffioay triebiorids SbClg is formed by heating excess of antimony in 
chlorine, by distilling antimony with mercuric chloride : 

2Sb -I- SHga^ - 2$bCl9 + 3Hg. 

or by dissolving stibnite in hot concentrated liydrochloric acid ; 

SbsS, 4 CHO •2SbCI, + 3HjS. 

and distilling the solution, when hydrochloric acid comes over first and 
then antimony trichloride, which soUdifies in the receiver as a soft 
white crystalline mass of buttfr of nn/imony, m. pi. 73*2®, b. pt. 223*2®. 

Fused* SbClj is a poor conductor of electricity. The vapour density 
and the elevation of boiling point in solution in ether correspond with 
SbClj. Antimony trichloride is dccomiiosed by water with deposition 
of white basic chlorides. It forms a clear solution with hydrochloric 
acid- Complex salts, c-j?. NaSbCl, and K,SbCl,. are formed w'lth 
metallic cldorides, and it forms crystaflinc cblocantunoaeiu scid 
HSbjCl?,2HiO with concentrated h>'clrochJoric acid. 


8Q7 
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AntimoBow oiychloride i« prccipitfttwJ as a white powder when & 
solution of the trichloride in hydrochloric acid is poured into water. 
The composition of the precipitate {powder of Algordh) varies with the • 
dilution, but two definite oxychlorides are known : 

SbCls + H,0 SbOCI +2HCI (with a little water) 

4SbCl, + 5H,0 ^ Sb^OjD, + lOHCI (with a larger amount of water). 

On heating the oxychloride with water in a sealed tube at 150*, or 
boiling with sodium carbonate solution, antimony trioxide is formed : 

2SbCl j + 3H,0 - Sb,0, + OHCl. 

Antimony peoUcblorids SbClg, discovered by Bose in 1825. is formed 
when antimony bums in excess of chlorine or by the action of chlorine 
on antimony trichloride. It is a heavy yellow fuming liquid solidifying 
in a freezing mixture, m. pt. 3^. The vapour is somewhat diasociated 
at the boiling point of 150* : SbClj^SbClj + Q,, but under reduced 
pressure the density corresponds with SbCJI^. With ice*cold water, two 
crystalline hydrates are formed, SbCn^.HtO (soluble in chloroform) and 
Slk)l«,4H}0 (insoluble in chloroform), but hot water decomposes ibo 
pentachlorido with formation of hydrated antimony pentoxide : 

2Sba* + SHjO -SbjO, + lOHa. 

With concentrated hydrochloric acid antimony pcntachloride forms 
a fairly stable crystalline etJora&UAaoie add 2HSbCI«,9H)0. which 
may also be prepared by passing chlorine into a solution of antimony 
trichloride in hydrochloric acid, and then adding excess of concentrated 
hydrochloric acid. Numerous salts derived H,SbCl«, H|SbCif and 
HSbCl« are known. 

A compound SbCh is Indicated on the freezing'point diagram of 8bCl« and 
Cl| (Bilts and Jeep, 1927). Antimony pentachlorido combines with many 
chlorides, oxides, salts, organic compounds, iodine ehloride (SbCl|,21Cl and 
SfaCh,3lCl), sulphur tetrachloride (SbCh.SCh), etc. 

The brown liquid formed by the action of chlorine on 8bCI» appears to 
contain sadmony tstnehicridt $bCl« or an acid HySb^^Cli. Many stable 
dark'Coloured salts, e.g. Rb,SbCl«. correspond ixig witli this acid, are known, 
and as they are isomorphous with corresponding stannic, plumbic and 
platinic compounds they probably contain quadrivalent antimony (Wein' 
land. 1905). 

Antimony tribramide SbBr>, white deliquescent needles, formed from 
the elements, is decomposed by water to the oxybroreidee SbOBr and 
Sb^OiBci. The pontabrorokle is not known but bromantiiaoiuc acid 
BSbBr,.$H,0 is formed in dark>red, almost black, crystals from a solution 
of SbBr, and bromine in conc«:iirated hydrobromic a^, and salts of it are 
known (Weinland, 1909). 

Antimony tri-iodide Sbl» Is formed by warming powdered antimony with 
a solution of iodine in carbon disulphide and s^Mratea in red plates on 
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t*N'a|)orrttion. '1 wo oUicr greenish 'yellow forms are described. The vapour 
of Sbl, is scarlet . On hydrol^'sb Sb,OjI, is fomwd as a yellow powder. 

Antimony thfluoride SbF^ is obtained by distilling antimony with 
mercuric fluoride, or by dissolving the trioxida in hydrofluoric acid and 
evaporating. It is not decomposed by water. Potassium fluorandmonite 
KySbPf is prepared by dissolving SIhO, in a solution of KF in HF, and is 
used in calico-printing. 

Oxides of antimony.— Antimony forms three oxides, SbjO,, Sb,0^ 
an<l SbjO^, which are stable but are easily reduced by heating with 
hy<lrogen or carbon. 

Antimony triozide or anfimonous oxide Sb )03 or Sb^O^ occurs native 
ns senurmonite, octahedral, density 5*2, with a diamond lattice like that 
of As^O^ {p. ^ 8 ). an<l the commoner rhombic vaUniiniU, density 5*67. 

VsfeotinKe Seaarmonlie 



Antimony trioxide Is formed as a wliite powder {flowers of antimony) by 
burning antimony in air and (mixed w*ith some Sb^O^) by roasting 
.Htibnite, also by digesting the oxychlorides SbOCl or Sb 403 Cl| with 
sodium carbonate solution, and bypassing steam over red-hot antimony. 
A hot solution in sodium carbonate deposits both forms. Antimony 
trioxide l>ecomes yellow on heating and pale buff on cooling, melts at 
056^ and boils at 1600®, the vapour density corresponding with Sb 40 ,. 
it is almost insoluble in water but is soluble in hot concentrated sul- 
phuric acid, and on cooling crystalline utimoiiy sulyhsts Sb 1 ( 804)3 
deposits. Antimony trioxide dissolves readily in <iilutc hydrochloric 
acid forming SbCi*. in Urteric acid, and in alkali solutions forming 
metaotimoiutss, e.g. NaSbO,(derive<l from ah.\’pothetlcal HSbOj) which 
are hydrolysed by water. 

Sodium mtUaUmoaiu is sparingly soluble and crj'sl^lh®** glittering 
octahcclra os No«bOj,3H,0 ; potassium meUnlimomto KSb^Oj. obtained by 
boiling antimonous oxide with potassium hydroxide solution, is readily 
soluble. Supposed antimonous acids are probably collotllal hydrated 
oxide. 

Antimony trioxide is used in white paints and enamels, but there is a 
danger that it may be dissolved from these by dilute acids and cause 


poisoning. . , 

Antimony Mtroxid. Sb,0, occurs as an-antiU and la obUmed as a 

white powder by heating the trioxide in air at TW-eiO*. 
temperatures it decomposes into trioxidc. Impure Sb.O, la obUmed 
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as a fused muss by roasting stibnite and is called glass of aniimonj / : 
this contains the tetroxide and unchangc<l stibnite and is used in colour* 
ing gloss and porcelain yellow. Antimony tctroxido on fusion u'ith 
alkalis forms salts called bTpoaoiiDMiates, derived from a hypotfictical 
acid HtSh^O^. The potassium salt KiSb^Oj is sparingly soluble in cold 
but easily in hot water ; if the solution is mixed with hydrochloric acid, 
Kfihfit is precipitated. 

psatoxlde Sb^O^ is a yellow powder obtained by gently 
heating the solid formed by the repeated evaporation of antimony with 
concentrated nitric acid. Above 440^ it decomposes Into Sb204, and 
when prepared as described always contains a little lower oxide. A 
stable intermediate oxide $b,0|} is formed at 430^. 

Antimony pent oxide is almost insoluble but reddens litmus. Various 
antimonic acids described are of indefinite composition, but a compound 
3Sb404,5H20 or H«Sb,Ou ia shown on the dehydration curve and Is 
formed by heating the hydrated oxide w*ith abater under pressure. The 
pentoxido is acidic and forms salts called aaUBMaatet, 

\Vhon antimony pentschloride is precipitated with hot water, or the 
trichloride or one of the lower oxides treated with nitric acid, tlio residue 
after washing and heating at 100* corresponds in composition with pjro* 
sntizDMue scid H^SbiOt* At 200* this is said to form nrUaUmonlc acid 
HSbO|. Orthoaatbaeak arid HaSb04 is said to be formed by precipitatiog 
polaasium antimonate with dilute nitric acid and drying over sulphuric acid 
in a desiccator. Tho existence of these acids is doubtful. 

When a mixture of powdered antimony and potassium nitrate is 
thrown in portions into a red*hot crucible and the product extracted 
with warm water, a whito re^due of potassium antimonate remains, 
which dissolves slowly in boiling water. Dilute nitric acid precipitates 
from the solution a hydrated antimony pentoxide, which forms pure 
antimony pentoxide on heating gently. Hydrated antimony pentoxide 
is also formed by the action of hot water on antimony pentachloride, 
and by oxidising the trioxide in presence of water with chlorine, iodine, 
or potassium dichromate ; with bromine, nitric acid, or a mixture of 
potassium chlorate and hydrochloric acid, the oxidation is incomplete. 

A solution of potassium antimonate on evaporation forms a gum 
readily soluble in warm water. The solution gives with sodium salts a 
white amorphous precipitate which rapidly forms crystalline 
saiimoasts, sparingly soluble (I in 350) in cold water and almost in- 
soluble in alcohol. It is one of the least soluble sodium salts. Lithium 
and ammonium salts are also precipitated. A corresponding potassium 
salt is formed by oxidising potassium antimonite with permanganate 
and evaporating the filtrate. Lead antimonate is the pigment NapUs 
ytUow. ^ 
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The alkali antimonatoa were called metAnlimojiatea by Fremy (1844), 
And Jander (1920) also fonnulatea the sodium salt as Na$bO,,3HtO. 
The crystalline lithium salt has the com]>osUion corresponding with 
LiSb0,,9H]0. The precipilateil sodium sail when dried at 100^^ has s 
similar composition but has also been formulated as an acid pyro* 
antimonate Ka,H,Sb,0;,5H,0. The electrical conductivities of |>otas3ium 
antimonate and Osttrald's rule <p. 300) show (hatantUnonic acid is mono* 
basic, which would agree with the metantimonate formula or with an acid 
orthoantimonate KH,Sb 04 . 2 K, 0 . Pauling (1933), however* pointed out 
that all the results would agree with tl\e formula MSb(OH)g (w'here AI- 
Li, Ka or K)* analogous to that of the stannatrs (p. 831) MtSn(OH)gi and 
this is confirmed by tlie crystal stnicture foun<l by X*myti. 

Antimony pent oxide is an oxidising agent ; when dissolved in cold 
hydrochloric acid it forma the pcntachloride and on adding an iodide 
the iodine liberated may be titrated : SbCl^ + 2KI ■ SbClj '>•2X01 * 1 * If 

Antimony sulphides. — The best knonm sulphide of antimony, 
sDtimoay truulpbide Sb^S^ occurs as By precipitating a solution 

of antimony trichloride in dilute hydrochloric acid with hydrogen 
sulphide, a rtd amorphous sulphide, density 4*28, is formed, which 
if dried at 100* and heated in carbon dio.Nide at 200* gives off some free 
sulphur and forms the grt^i9h‘hlack rhombic crystalline modification, 
density 4'65. The red fornt is used as a pigment {antimony rerwii/ien) 
and in vulcanising rubber. re<l varieties of which contain it. It is also 
formed by heating a solution of the trichloride with sodium thiosulphate. 
If heated at 850* in a stream of nitrogen and the vapour rapidly cooled, 
li lac • colou red globu Ics of densi t y 4 *27 8 n re formed . The rcti pre cipitate 
is insoluble in dilute acids but dissolves in hot concentrated liy<iro* 
chloric acid (arsenic sulphide is almost insoluble). Colloidal Sb^j is 
formed as an orange- red liquid by athling a O o i»cr cent solution of 
tartar emetic to hydrogen sulphide water. 

Antimony trisulphide is reversibly reduced by heating in hydrogen : 
SbjSa + 3H, w* 2Sb + 3H,S. A mix! urc wit h nitre and sulphur is used as 
hlut fin In pyrotechny, and in making matches. Sb,S, dissolves m 
alkali sulphides and hot concentrated solutions of alkalis and alkali 
carbonates. On dilution, a red mixture of Sb,0, and 8bfS, (icrwics 
mineral) is precipitated. The solutions and the dark-colourcd masses 
(livere oJafUimony) formed by fusing Sb^S, with alkali sulphides wntain 
Ihiosolimoailcs derived from h>'pothctical acids H^ShS,. H^Sb^S and 
HSbSf and some can be obtained rrystallinc, c.g. 
Na,SbS,.3H,0, red KSbS,. red N.,Sb,S,.2H,0. P^c^.tated Sb^ ■» 

insoluble in warm ammoniuin carbonate solution (As^S, is soluble). 

AnHmflav MnUJulpkWe « fonnoci as a ixhI iirccipitata on acMing 
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alkalis (even warm ammonm). MMliiim carlK)tiato (but not ammonium car> 
bonate) and alkali sulpliido solutams, fomiing tbioaotuBoaales : 

4SbA + 24KOH = SKySUS, + t J2H,0 

SbiSt *■ 3XarS s 2NM»SbS,. 

Sodium ihioAotimooete or Schlipp<'9 mlt (Sclilippc, 1821) is formed in 
large p^de-yellow tetrahedral cry stab Na^bS4,9H20 by boiling Sb^, 
and sulphur with sodium hydroxide solution, filtering and cooling. 
On acidifying a thioantimonate solution an orange^rcd precipitate 
called golden sxilpkurti 0 / oRftmORy, used in Tulcanising rubber, is 
formed. On heating alone or with water or acids it decomposes into 
sulphur and black ; it has been regarded as or a mixture of 
satimoay tetruulpUds Sb^S^ and sulphur ; 

2NasSbS4 4 OHCl - Sb^S^ + S e 6NaCl + 3H^. 

The commercial products vary in colour from golden yellow to deep 
orange, and in composition from almost to Sb^S^. The com- 
pounds K}SbS|, (NH 4 )^bS 4 , 6 a,(SbS 4 )|, etc., arc known. 

Tartar emetic is an important preparation used in medicine and as a 
mordant. an<l obtained by boiling antimony trioxide with water and cream 
of tartar (potassium hydrogen tartrate) ; it » usually formulated {Peligot, 
184?) as potaeeium antimcnyl tartrate Kl^bOlCtH^Oi.lHiO containing the 
orUtrnonyf radical — Sb=0, but Reihlen and Hazel (1934) adopt a modi hca- 
tion of Schifl's formula (1837) : 



KO,C— CH— 

The s t e m i c weight of satiouMiy was determined by various methods 
which gave numbers varying from 119*8 to I22'5. Dumas in 1859 
obtuned 121*8 by analysis of the trichloride but for many years the 
value 120*2 was accepted on the basis of Cooke's (1878-80) analyses of 
the chloride and bromide and the s^mthesis of the sulphide. The value 
121*77 was found in 1921 by Willard and McAlpine from an analysis 
of the tribromidc, and as the mass spectrograph ^ows the isotopes 121 
end 123 the higher value is now accepted. The valency is found from 
the atomic heat, and the vapour density of Uie trichloride. 

Antimony is determined in analysis by precipitation as sulphide 
SbfS^, which is dried and heated in a porcelain boat in a stream of 
carbon dioxide to expel free sulphur. The Uioxide may be dissolved in 
f«^c acid, neutralised with sodium carbonate, and titrated with 
iodine r Sb,0,4-2H,0 •j-2I,a4HI +Sb,0* ; or a solution in hydro- 
ohlorio acid may be titrated with sodium bromate : 

3Sba, + 6HC1 + NaBrOa » 3860* + 3H,0 *•• NaBr, 
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Antimony pcntoxide may be detennined by the reaction ; 

SbA +4KI + 10Ha-2Sba, +4Ka +2I, + 5H,0. 


BlStriTTH 

History. — Metallic bismuth may have been known in antiquity but coo- 
fused with tin and lead. AgricoU (who 8a>'» it was unknown to the ancients) 
describes it tn his Bermannui (1530) under the name of bUemutum ; in his 
de iuuurtt foMdium (1545) he calls it ptumbum cinertuM, Libavius in his 
CommerUarionim cktfmicofum, 1606, mentions it, noting tJiat it was used to 
soften tin. The name is supposed to liave been derived from the German 
u>i4 mat (white mass), or wtcMn (a meadow*), given to it by the old miners on 
accoujit of its reddish colour. Pott (1739) ami later Bergman investigated 
its compouncls, some of which ha^I been used by Paracelsus for medicinal 
purposes. The basic nitrato-^'* bismuth subnitrate/' ]h(OH}|NOa. dis- 
covered by Libavius, is still used in me<licine in diarrhoea and cholera. 
This substance, known as pearl white, was mtnKhice<t by Lemery as a cos- 
metic. althougli it acts injuriously on the skin, as Lemery himself points 
out. It has now been replaced by sine oxide or starch. 

Occurrence. — Bismuth occurs nadirs with lead, silver and cobalt ores, 
os tbe oxide Bi|0} 6ismi(e or &umutA ochre, the avlpkide Bi^Sg 6ismu(A«- 
niU or bismuth glanee, and the basic carbonate (BiOl^CO) bismuthitc or 
6rsmuM spar. The most important source ts Bolivia ; much is extracted 
from lead ores in Canada and India, and China, Saxony, and Australia 
are noteworthy sources. 

MetoUu^. — The metal is obtained from native bismuth by liqua- 
tion, via. heating in sloping iron tubes when the fusible bismuth (m. pt. 
271^) flow's away. Oxide and carbonate ores are dissolved in hydro- 
chloric acid and the solution of Bid) cither poured into water to pre- 
cipitate BlOCl or reduced to bismuth by iron. Sulphide ores are roasted 
and the oxide reduced by carbon, iron, and a flux : (he temperature is 
kept fairly low os the oxide is volatile. 

Flue dusts from lead, copper an<l tin orc«. and ancKlc slimoa from co])per 
and ldA<l refining, are worked for bismuth. The metal ia rofined by electro- 
lysis in bismuth chloride and hydrochloric acid in a aimilar woy to cop|)cr 
(p. 721). Very pure bismuth is ma^lo by rocrjstallising tlie nitrate from a 
solution containing a lorge excess of concentrate! nitric acUI. heating tlio 
nitrate to f<u7n the oxide, and reducing tliis by heutiiig with |K>tas8ium 
cyanide. 

Refined commercial bismuth is 99'0 to 09 0 per cent pure and for 
making pharmaceutical products must be free from lead and arsenic. 
Precipitated bismuth is a dull -grey powder formed by reducing a solutioij 
of BiCIj in hydrochloric acid by hypophosphorus acid, and a colloidal 
solution can be obtained. 
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Properties. — Bismuth is reddish'White» density 9*80, brittle and easily 
powdered , and is a poor conductor of heat and electricity . It is strongly 
diam^etic. Large obtuse rhombohcdra resembling cubes, usually 
covered with a superficial film of oxide showing green iridescent colours, 
are formed when the fused metal U cooled. A trace of tellurium altera 
the appearance and properties of bismuth. Bismuth and Its alloys with 
other metals, which have very low melting poinU. expand on solidifica- 
tion. and the alloys are used as stereo-metal in printing. 


Wood's fusitplB mcul (m. pt. 71*) contains 4 bismuth + 2 lead+ 1 (Ln+ 1 
cadmium. Rose's mtUl <m. pt. 93*75*) 2 bismuth •f 1 lead-Kl tin, end 
LipoiHts' Alloy {m. pt. 80*>85*) 15 bbmuth + 8 lead +4 tin + 3 cadmium. 
AUo>‘8 of lead, bismuth and tin, melting slightly above 100*. are used in the 
construction of automatic sprinklers ■, when the fusible netai plug is 
melted water is discharged ov^ the fire. Leas fusible alloys are used as 
safety pl\igs in boilers. 

Bismuth boils at 1450* giving a green vapour, the density of which 
between 1600* and 1700* indicates partial dissociation: 
which U complete at 2000*. It volatilises appreciably at lower tem- 
peratures (at 292* in vacuum). The metal is unchanged in dry air and 
is slowly attacked by water only in presence of oxygen. When fused 
it slowly oxidises in air, and when strongly heated bums with a bluish- 
white fiame, forming brown fumes of BigO). Pyrophoric bismuth is 
formed on heating the mellitate under reduced pressure. Bismuth 
decomposes steam slowly when strongly heated, liberating hydrogen. 
It does not dissolve in dilute sulphuric or hydrochloric acid in absence 
of oxygen, but nitric acid dissolves it forming the nitrate Bi(N0g)9. It 
raadily dissolves in aqua regia, forming the chloride BiC^g. Boiling 
concentrated sulphuric acid converts it into the sulphate Bi|(SO|)g, 
sulphur dioxide being evolved : 


2Bi + - BiglSOglg + 3S0g -f 6HgO. 

Bismuth compounds. — Bismuth is more electropositive than the other 
elements in its group, and ita chemical properties are intermediate 
between those of lead and antimony. The chloride BiClg, although 
easily fusible and volatile and soluble in organic solvents, is an electro- 
lyte when fused, and stable oxyaalta such as the nitrate, sulphate and 
basic carbonate are known, hlsny salts with organic acids are soluble 
in bensene. There is a marked tendency to form basic salts, usually 
fonnulated as containing the univalent 6imuMyl radical — BisO. 
These (unlike the antimonyl compounds) are insoluble in tartario acid. 
Unlike antimony, bismuth has little tendency to show a higher valency, 
all the stable compounds being of tervalent bismuth, although higher 
oxides contain 4, 5 or possibly 6-yalent bismuth. The bimuikente com- 
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pounds^ containing bivalent bismuth, were formerly regarded as 
mixtures of mets.) and terralent compounds. 


IMiat was regarded as black btsmuUi moacBde BiO is precipitated by 
adding a bismuth salt to a solution of sodixun stannite (stannous chloride 
with excess of sodium hydroxide), often accompanied by a white precipitate 
of bismuth or stannous hydroxide, and hence the reaction, which is used In 
the identification of bismuth (or stannous) salts, is called the msgpie test 
Bismuth monoxide BiO is formed as a black powder, unclianged at 300^, by 
oxidising a solution of Na^Bi in liquid ammonia with oxygen (Watt and 
Moore, 1948): 4Na»Bi + 6NH, + 50« = 4BiO + 6NaOH -KdNaNH,. 


Bismuth hydride . — WJten the hydrogen evolved by the action of AN 
eulphuric or hydrochloric acid on an alloy of equal parts of bismuth and 
magnesium is passed throxigh a heated tube, it deposits a brown mirror of 
bismuth in front of tlie heated spot and a fainter one behind, suggesting 
that a trace of a gaseous hydride (BiK^?). which is very unstable, is formed. 
It is absorbed to some extent by water and is more soluble in dilute alkali, 
indicating that it is acidic rather than basic. Thorium*C, an isotope of 
bismuth, when deposited on magnesium, gives a radioactive gaseous 
hydride on solution in acid. 

Bismuth halides. — All the halogen compounds of bismuth are formed 
by the action of halogens on the metal ; fluorine does not react easily 
even at a red heat, and the other halogens react without incandescence 
on heating. Bismuth fluoride is stable to water but the other halides 
form basic salts. 


Bismuth trifiuohdt BiF| is formed as a white powder, non* volatile at a 
red heat, on evaporating a solution of bismuth triox ids in hydrofluoric acid. 
With excess of oxide an oxylluofida BiOF is formed. A white bumuth 
paoUfluonda BiF, is formed from the trifluoriile and fluorine. It sublimes 
at 550^ 


Bismuth trichlorida BiCl,. is formed as soft white crystals, m. pt. 227®, 
b- pt. 447®, on passing excess of chlorine over bismuth. Boyle (1603) 
obtained it by heating bismuth with mercuric chloride : 2Bi + 3HgClj 
a2BiCl4 + UHg. Its vapour density corresponds with the formula 
BiCl The trichloride is also formed by dissolving bismuth In aqua 
regia, evaporating (when crysUls of BiCI„ 2H,0 are deposit^) and 
distilling. The solution in concentrated hydrochloric acid deposits 
at 0® crystals of chlorobismuthous acid H[Bi,C4],3H,0, stable at the 
ordinary temperature. SalU of H,BiCI,. HBiCI* and HBi,Cl„ an<l 
the compounds BiCl,,NOCl and 2BiCI3.NO, are known. 

A solution of bi.smoth chloriile when |»oHre<l into water gives a white 
prcci of bi,»utb (.,r b, BiOC w .ch 

Li. be obuined crystalline. Tins is ,lci«,site.i wben any bismuth sa s 
addcii to a solution of so<lium chloride ; it resembles silver cblori.lc 
in turning grey and losing chlorine on cx^urc to light. 
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The black dichloride BiClj. formed on hcftting BiCI) with excess of 
bismuth » or by heating bismuth with celome) at 250*, may bo a 
mixture of BiCl} and bismuth. 


Bumuth tribromide BiBra. m. pt. 215*^. b. pt. 453*. is formed from the 
elements in golden yellow crystals, decomposed by water into white 
BiODr. BisDutb tri-iodide Bila, m. pt. 412*. is a black powder obtained by 
adding bismutli oxide to a solution of iodine in stannous chloride saturated 
with HCl. It is slowly deeompoecd by wator, forming the red oxTiodide 
BiOI. Bismuth Iodide dissolves in hydriodle aeid, forming iodobismutbous 
scid HBiIa,4HtO, and in alkali iodidea, forming red erystalUne salts, 
e.g. KBila. 

Bismuth oxides. — The only welUdehned oxide of bismuth U bismutb 
triorids Bi)0,, a pale yellow no wder {greenish -g^y when not quite pure). 
It is formed by heating the metal, hydroxide, basic carbonate, or 
nitrate to redness (n air. It melts at a red heat and solidifies at 820*. 
The solid changes at 704* with evolution of heat into a second form, 
consisting of greenish-yellow crystals. A third form obtained in yellow 
needles by lieating the oxide in a porcelain crucible to the melting 
point probably contains silica. Bismuth ts’ioxide is used in producing 
an iridescent white glaze on porcelain. When mixed with other oxides 
and fused on the surface of glass, it is used in making stained glass i a 
mixture of Bi|0| and fused ou glass gives a lemon-yellow colour. 
Bismuth oxide U also used to make some unds of optical glass. 

Bisesutb hydroiids Bi(OH)} is formed as a white gelatinous precipitate, 
which becomes crystalline, on adding an alkali hydroxide or ammonia 
to a solution of the nitrate ; it is insoluble in excess of alkali unless 
shaken with wnuntrattd sodium hydroxide, or when glycerol is added, 
but is readily soluble in acids. When heated to 100* it forms BiO(OH), 
and at a red beat Bi^O). 

Higher oxides of bismuth are precipitated as reddish-brown powders on 
adding oxidising agents such as potassium ferricyanide or chlorine to 
alkaline suspensions of bismuth trioxide. Prom a suspension in hot dilute 
alkali, chlorine precipitates a scarlet powder which Is principally bismuth 
tetroiide Bi|0«. From Uie suspension in conesntrated sIksU, chlorine 
precipitatss also some bkmulb pentozide BitO*. Both these oxides dimolve 
in hot nitric acid of density 1*2 with evolution of oxygen. By oxidising 
with ferricyanide or persulphate in concentrated alkali, a small amount of 
bismuth hciosds insoluble in nitric acid, is formed. 

The higher oxidee lose oxygen on heating and are reduced when warmed 
with concentrated hydrochloric or sulphuric acids : 

Bi,0« * 8HCI sBBiCl, + 4H>0 + 0,. 

Bi,Ot +3HtSOt = Bi,(SO«),4*3HtO + 0 ^, 

The h igher oxides of bismuth show acidic properties. On fusing bismuth 
trioside with potassium hydroxide in air. a brown m ass of petasrium 


876 


INOB G ANIC CHEMISTRY [chap 

bisi&uthat«i perhaps KBiO|, is formed ; it is hydro]>‘sed by water and 
hydrated Bi,0« is precipitated. Potassium bismuthate is used as an 
oxidising agent : with cold solutioits of manganous salts in dilute nitric acid 
it gives a purple solution of permanganic acid. In its lugher oxides bismuth 
shows some resemblance to lead. 

Normal bismuth carbonate is unknown but white basic bismuth carbooate 
(BiOjCOs.^H^O is precipitated when ammonium carbonate is added 
to a solution of the nitrate. It loses water at 100^ and carbon 
dioxide at a higher temperature. Bismuth carbonate is given as a 
" bismuth meal *’ before X* radiology of the digestive tract, as it is 
opaque to X*raya. 

The most important bismuth salt is bismuth nitrate, obtained in 
deliquescent crystals Bi(N09)3,5H20 by evaporating a solution of the 
metal, oxide or basic carbonate in warm dilute nitric acid. The solution 
on pouring into a large volume of water deposits white basic bismuth nitrate 
or “ subnitrate " used in medicine and formerly ss a cos* 

metic. On washing with w*ater this slowly forms (BiO)2(OH)NOs. 
The commercial bisic nitrate is 6Bi20a,dN|0|.8)H20. Anhydrous 
Bi(N03)3 cannot be obtained by beating the crystalline salt, as decom* 
position occurs, but by drying in vacuum over P^Oi for a year Bi(N03)9 
is formed. 

By grinding bismuth nitrate crystals with mannitol and adding 
water a clear solution is obtained. The nitrate can be obtained in 
solution if dilute nitric acid is added. The basic chloride and nitrate 
arc readily distinguished &om the antimony salts by adding a few 
crystals of tartaric acid and wanning. The antimony salts dissolve 
but tiie bismuth salts are insoluble. 


BUmutb sulphia* Bi|S, is obtained in lead-grey crystals by fusing 
bismuth with sulphur, or as a brownish- black precipitate (solubility 
0*2 mgm. per litre) when hydrogen sulphide U passed into a solution of a 
bismuth salt. The precipitate dissolves in nitric acid and in boiling 
concentrated hydrochloric acid, but not in alkalis or yellow ammonium 
sulphide, since it does not (like the sulphides of arsenic, antimony and 
tin) form thio-salts in this way. 

Tliio-salts are formed by dissolving bismuth sulphide in concontroted 
voiassium sulphicle. or by fusion with sulpbiclos. Bi,S, is only spAfingly 
soluble in sodium sulphide. The salts KI«S, and NaBiS, form fine crj^tsls 
witlj H metallic lustre, rapidly oxidised in tlie air. On dihitmg t)ie solution 
of the scKlium salt, Bi|S, w reprocipiuted. 


Bismuth sulphate Bi,(SO,U is obtained as a wlnte amorphous mass 
bv evaporating the metal with hot concentrated sulphuric acid. It 
forms a sparinglv soluble Usic sulphate on ad^tion o 

water On heating, this forms vellow hiamutbyl sulphaie (BiO)*SO|. 
A double salt KBiiSOth is formed with i>ota$sium sulphate. 
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Sodium thio*u]phato with a eolution of a bismuth SAlt givM a cloAr 
solution co&tAining sodium bismuth tluosulphsto Nas(Bi(S,0|}|], which does 
not fOAct with iodino. The solution <)uick]y docompoeee and deposits 
bismuth sulphide. It gives with potassium salts a sparingly soluble yellow 
potsmiuffi biamuth thiosulphate K>(Bi(SaO))>)iiH,0, and the reaction may 
be used in the detection of potaasium. On boiling aodium bismuth thio* 
sulphate solution the bismuth is quantitatively precipitated as sulphide i 
2Br‘ + 3S,0/ + 3HiO = Bi,S,e> 3H,SO«. 

Many salts of bismuth with organic acids (salicylate, basic gal late, basic 
dibramohydroxynaphthoale. hydroxyio<logallate» otc.) and phenols 
naphthol. pyrogallol, etc.) are used in pharmacy. 

The atomic weight of bismuth was found by different methods with dta> 
cordant results • e.g. 208*05 by Schneider in 1851 from the ratio 2Di : Bi|0| 
and 210*7 by Dumas in 1859 from the analysis of the chloride. The value 
209 02 was found by Honigsehmid in 1920 by analysis of the chloride. The 
valency is found from the atomic heat and tho va|>our density of the chloride. 

VAKADtUU 

In 1801 Del Bio discovered in a Mexican lea^l ore a new element which 
gave coloured salts with acj<ls, but Dsecotils in 1804 reported that the 
mineral was lead chromote. Sefstrom in 1830 discovered in Swedish iron 
and slags an element which was called vanodium (after the Scandinavian 
goddess Vanadis), and Wohler showed that tlic Moxican ore is lead vanadate. 
Berzelius I with a few grams of Sefstrum's material, prepared o number of 
compounds of vanadium, winch ho supposed foimoii an acidic oxide VO« 
like CrO». In 1867 Boscoe found tiMt the oxide was V|0»> and l^t pre* 
pared the metal, what Berzelius had regarded as vanadium being tho oxide 
VO (which is not reduced by lieated potassium) or Uie nitride VK. 

Vanadium is a rare elemcni but is widely distributed. The principal orcif 
arecamorirt er potassium uranyl vanadate K,(V0,),(V04),.3H ,0. venadi- 
niu 3Pb4(V04)|,PbCl| (see p. 360), and ospocially the impure sulphide 
patroniu, found at 17.000 ft. on the Peruvian Andes (and the chief source 

vanadium) and North RhcMlesia. Small quantities of vanadium are 
found in clays, rocks, coal, and emdo oil (ilie flue dust from oil bumere 
usually contains some VtO«). 

FciTocaN<idfum is made from patronite and is used for making steel. 
Pure Ts n sdium is difficult to obtain, as it readily combines with oxygen, 
carbon, and nitrogen i it can be prepared by strongly heating a mixture of 
V1O4, calcium, and calcium chloi^e in a steel bomb : 5Ca + 6CaCl| 

s2V •{‘6(CaO.CaCla)» is soft and ductile. Boecos prepared vanadium 
by strongly heating vanadium dichlonde for sevaraJ days in a current of 
very pure hydrogen: VCI, + H,sV + 2Ha. 

The common oxide of vanadium is raaidluB psntoxide VaO«. a reddish- 
yellow sparbgly soluble solid, which is an acidic oxide and forms Tseadata ; 
salte corresponding with ortho-, pjTO-, and meta-vanadio acids, HiVOi, 
and H\’Oa, are known. Sodium orthovsasdste Na4V04,12H)0 
is isomorphous with tlie phosphate NajPO,, 1 2H,0. The common ammonium 
▼snsdato is the metsvanadate NH,YOa. which is sparingly soluble. Vanadic 
acid also forms poljvsnsdates. drived from tlie acid HaVaOu ® 3V,0a,2H,0. 
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VenAclium peutoxide dissolves in concontreted sulphuric Acid and on 
dilution a palely ollour solution U formed. Sulphur dioxide reduces this to 
a blue solution of vanadyl mlpbate VOSO 4 . containing 4* valent vanadium. 
Magnosium and hydrochloric acid reduce the solution of V^Oi to a green 
solution of vanadium trichloride VCla. containing 3 •valent vanadium, and 
prolonged reduction with zinc and dilute sulphuric acid (more rapidly by 
shaking with zinc amalgam) gives a lavender* coloured solution of vaudium 
dichlonde VCIji containing 2' valent vanadium. The solution of V,Ot in 
dilute sulphuric acid gives with hydrogen peroxide a red colour, supposed 
to be due to pervaaadic acid HYOf 

The ofides VO. V^O), VOj, and VtO« are known. The highest chloride is 
the tetracbloride VCI 4 but there is a peataHuoride VF^. On passing chlorine 
over a heated mixture of V| 0 « and carbon, the y'cllow liquid oiychlohde 
VOCI, is formed, not decomposed by boiling with sodium. By passing the 
vapoxir of \^OCi 9 mixed with chlorine over heated carbon a red liquid, VClg, 
is forme<l. By passing a mixture of VCI 4 vapour an<l hydrogen through a 
red ‘hot tube a peach •bloeeom coloured sublimate of Is formed, and 
by heating this to redness in nitrogen, apple*green VCla ^ obtained. 
Compounds of bi* and tervolent vanadium arc powerful re<lucing agentSi 
In those valency stage# vanadium shows analogies with ferrous and ferrie 
iron. forms violet VSO«, 7 HaO ieomorphous with FeSOa.THiO, and 
brownish ‘yellow K*VlCN)a.3HaO (c/, potassium ferrocyanicle). vm forms 
Vt(SOa>„ giving alums MlV“*(S0a)|,l2H,0. and K,V(CN)a (c/. potassium 
ferricyanUle). 

Vanadium pentoxide Is used as a catalyst in the oxidation of naphthalene 
vapour and air to phthalic anhydride, and of sulphur dioxide and air to 
sul]>hur triox Ule, and vanatlitim compounds (which are poisonous) arc used 
in making ink. as drying sccelerators In paints and varnishes, as insecticidos. 
in photography and me<lieine, and in glass tnamifacture. 


NlOBIC^M AMD Tsh'TALUM 

In 1801 Hatchett discovered in a mineral thought to have come from 
America and called colurnfrrVe (it perliaps ixMilly came from Sweden) a new 
metal which he called coIumWum. Ekeberg in J«02 discovered in a mineral 
afterwards callcil yfrrc/ortWhfe another new nwtal which he called UsuJud. 
since it is not actc<l upon at all by acids. Wollaston in 1 809 thought he had 
shown that the two metals are the same, but later work by Rose showed that 
they are different. Rose changed the name colurnblum to niobiuiD. which 
is the name now used for the element. , . . j 

The two elemenU occur together. The chief minerals are eolumbito end 
tantaliu, both Fe(Nb.Ta)0„ the first richer in niobium and the second in 
tantalum. The meUU are now exlracted from American minerals an<i arc 
finding usee ; Untalum. m.pt. 2850’. is ductile and can be used in radio- 
valve grids and plates, and niobium, m.pt. 1950’. impfovos stamle** st^K 
Both metals resist acids, but are oxidisixl when heated in air and arc diH. 
integrated by fused alkalis. Tlie earbi<irs of niobium ami Untahini ore 
very hard and are used for cutting tools. 

Niobium and tantalum form white soIkI acidic peotondM, Nb.O, i^nd 
TaS. ^ich form niobatce and tantalatcs. The two cciplei lluon4« 
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KtTaP, ((he ion ToP," containing tantalum with a coordination number of 
7) and iCtKbOF«.HaO (polagaium fluoxyniobate) are uaed in the separation 
of t)is etoments by fraetional cryslahiaation. (ho first being sparingly and 
the second easily soluble. The cUohdes NbCla and TaCli* and XbCI^ and 
TaC), known, and both motaU form tlio complex acidic compoxinds 
H(Xb,Cl,(H|0)].3H,0 and H[Ta,Cl,(Ha0)).3H,0 in which they are bivalent 
(3Xa,.HC1.4H,0). 


Proto ACTiHiuu 

The element protoactaaiiua (or pro/aciinium), a disintegration product of 
ujunium*Y (p. 402). was separaletl in appreciable amounts from pitchblende 
residues by von Crosse. Hie steady decrease in acidie character in the 
series VaO«» Nb^O^. and Ta^Oi reaclios a climax in protosctuuiim pe&toode 
PatO| which Is a white solid which is basic and resembles thorium <iioxide 
ThO, rather than the other oxides. The metal protoactinium is formed by 
electron bombardment of Pa^Oi on a copper target and is stable in air. The 
peoUetlorids PaCli forms colourless volatile needlea. 


CHAPTER XLIV 


GROUP VI METALS 


Group VI of the Periodic System (ftpsrt from the rsdioactive element 
polonium) comprises eight elements : 

Sub<Oroup (S) (Odd Stries) 




0 

S 

Se 

T* 

Atomic number 

. 

g 

16 

34 

62 

Electron configuration 

. 

2'6 

2<8<6 

2-8-18 6 

2-8-18-18-0 

Density (solid) 

. ] 

•4266 

21 

4-8 

6-236 

Atomic volume 


lh2 

153 

16-6 

20-4 

Melting point 

- 

2184* 

112 8* 

220'2* 

449-8* 

Boiling point • 

• ^ 

IS3' 

444-60* 

684-8* 

1390* 


Sub-Oreap (a) (Crea Series) 




Cr 

.Mo 

W 


U 

Atomic number 

24 

42 

74 


92 

Electron configuration 

2 d IS 1 

28 1813 

•1 2-8J832 

12-2 2-6 

-18-32-18-12-2 

Density • • * 

7 14 

10*2 

193 


18-686 

Atomic volume • 

7*3 

9-4 

g.Q 


12-7 

Melting point « • 

1840* 

2620^ 

3390* 


1133* 

Boiling Point • 

2200* 

3700* 

5900* 


1500* 


At first sight no obvious resemblances exist between the elements of 
the odd and even scries. The former are non-metals ; the latter arc all 
metals. If we take sulphur as representative of the odd series end 
chromium of the even scries, however, a closer examination of their 
chemical properties reveals many points of similarity. Both form 
acidic trioride* KOj, the salts of which are isomorphous and hove 
similar formulae : 


SO. K^04(K,0.S0,) K,S,0,(K,0.2S0,) 

o6, K,Cr 04 (K, 0 .CT 0 ,) K,Cr,0,(Kt0.2Cr0») 

Both elements form stable a*7chlorid«» PO,Cl„ hydrolysed by 
water but there is no chloride of chromium corresponding with 
The stable chloride of chromium is CrCI,. corTespon<ling with FeC a anti 
AICK. and chromium shows many resemblances to aluminium and^n. 
The metals chromium and iron arc similar, and the oxid^ AI,Oj. 
and FCjOa are isomorphous. The three metals Al. Cr. Fe, are 
together in' the same groi.p in qualitative analysis, ^he ]>«• 

txveen iron and chromium is also seen m the formation 
K FeOrrred" and chromates, e.j. K,CrO. (yellow). TJe bivalent 
diromiira compounds OX, resemble the ferrous salu and are strong 

reducing ogents. 
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Molybdenum and tungsten resemble chromium in their chemical 
properties : they form acidic trioxidcs MoDj and WOj but the salts 
derived from WOj are usually complex and correspond with polyacids 
such as paratungstic acid -12WO,-f dH,0) and meta- 

tungstic acid H 2 W 40 j 3 (B 4 W 0 a*f H^O). Ordinary ammonium molyb* 
date is (NKJiMo^O,! (h3(NH4)|04'7MoOs}. Uranium differs some* 
what from its companions, since its stable salts are derived from a 
bivalent uranyl radical Molybdenum and tungsten form a number 
of complex acids with phosphoric acid, etc. 

Except in the case of oxygen the maximum valency in the group is 0, 
but lower valencies 2 and 4 are shown in Sub*group b, and 2, 3, 4 and 5 
in Sub 'group a, the metals of which are definitely transitional tUrMnU 
(p.431). 


They show resemblances to neighbouring elemenU (V, Mn. Fe, Co, Ni) 
and the varying valencies arise from the possiblity of electrons In the shell 
below the valency electron shell functioning easily as valency electrons : 

Cr 2] 8| 1 

Mo 2 I 6 I 16 I 2*6*5 | 1 
W 2 I 61 16 I 32 I 2>6-4 I 2 
V 2|6| 16| 32| I6|2-M(2 

Because of thsir transitional character the metals form strongly coloured 
compounds which are often paramagnetic. 


For the same element the acidic character of the hydroxide increases 
with the valency : Cr^^(OH)| and Cr^^^OH)] are iMsic, Cr^^OiKi or 
Cr^*0(0H}| is acidic. In Sub*group b the dioxides RO^ are acidic, 
forming salts M,RO}. The lower oxides of Sub-group a are more beaic. 
and other oxides t.g. R|Os related to those of neighbouring traruitional 
elements are known. 

The halides are predominantly covalent and volatile, although those 
of lower valencies in Sub-group b are either ionic or associated into 
peculiar groupings. Some of them are hydrolysed*by water or alkalis. 
All the elements form stable covalent oxychlorides R^^O^Cli. 


CaaoKnm 

History.— A red Siberian mineral now called crocoCnVs described by J. G. 
Lehmaim in 1706 wee found by Vauquslin and KJa]:»^oth in*1797 to be lead 
chromate PbCrO^, containing the new element chromium. The name 
chromium (Greek, cAromo s colour) was given to the element because it 
forms a large number of coloured compounds. Metallic chromium was 
obtained by Vauquelln by reducing the green oxide CtiO, with carbon at 
a white heat. 

Occurrence. — Chromium occurs in small amounts in some iron 
meteorites. The commonest ore is chromiU or eftroms'iranstone, ferrous 
chromite FeCr ,04 or PeO.OjO,. a spinel (p. 811). Rarer minerals are 
chrome-ochre Crfii and cAromiriee Fe,0,,2Cr,0,. 
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Chromite is mined principally in Greece, Russia. Asia Minor. India, 
Tu rkey . R hodesia and New Cal^^onia . 1 1 Is very refractory and is made 
into chrome bricks for furnace linings or to separate the silica bricks 
from the magnesia bricks in the lining of the basic-hearth steel furnace. 
Chromite is the source of chromium compounds and chromium alloys. 


Chromium forms three series of compounds : 

(}) the ctuomous salts CrX^ containing 2'Valeni Cr, and resembling 
manganous and ferrous salts ; CrO is strongly basic ; 

(ii) the chromie salts CrX^ containing 3* valent Cr, and resembling 

ferric salts : Crfi^ is weakly basic and amphoteric ; 

(iii) ehrouium trioaide CrO). containing G* valent Cr and analogous 

to sulphur triox idc, strongly acidic and forming chromaUt and 
dichromatcs. 



Fl<i. $83.— Arranftament 
for thermit reaction. 


Metallic chromium.— Chromium is obtained by reducing the green 
scsquioxide in perfectly dry hydrogen at 1500^ or with aluminium in the 
aluminothermic process (p. 807) : Cr,0, + 2A1 » Alj0j+2Cr. 

A tin canister 10 in. by 8 in. is Glled with coarsely-powdered fluorspar and 
a cle]>reaaion 2 in. « 8 in. made in it by a largo teat -tube. The mixture of the 

dry oxide and aluminium powder ia presaetl into 
this an«l the (RaO, * Mg) igniter placed on the (op 
(Fig. 36$). The fluorsi>er is a good heat insulator 
•o that a fused mass ta obtaine<l even with amall 
amounta of matcrinl. A mixture of aluminium 
powder with an e<|ual or double weight of cal- 
cium lumingH. correapomhng with the oxygen of 
the oxide, acts even more effectively than elu> 
minium alone ami is used in the case of oxi<Jee 
such as CfyOa which are reduced wnth diffieulty : 
or a mixture of 4 parts Cr,0,. 1 j»art pow<lcre<l 
fiised K,Cr,0„ and 10 parts Al powder, is used. 

Pure chromium is obtained by electrolysing a solution of chromic 
chloride CrCl) with a mercury cathotle and heating the amalgam in a 
vacuum to remove mercury. It is also deposited elect roly tically in 
ciiromium plating. Chromium is de|Kwilcd (usuaUy on nickel) in 
chromium ^iing from a hot solution of cliromic acid and a little 
chromic sulphate with a lead anode. 

An alloy of iron and chromium called /crrccArome is made industrially 
by reducing chrome ironstone with carbon in the electric furnace and is 
used in the manufacture of chrome (steel conUining chromium). 

Chrome aleel ia not aturkod by ackU. An "‘f. w"!'] 

iron is used for armour plates. afrri » or<lmar>- slecl * W 4 

,«)r cent of chromium and up to 0-7 per cent of nickel- Stools unth 17 to 18 
Mr cent of chromium and 7 per cent or m..ro of nickel are not hardened by 
quenching an.l liave superior corroaion resistance. 
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Chromium is a malleable metal, ail vcr* white with a bluiah tinge, with 
a high melting point. The pure metal is not very hard, the hardness of 
the electrodeposited metal being due to the crystal form and to 
occluded hydrogen. There are three crt'atalline forms. Chromium 
bums brilliantly in the oxyhydrogen flame forming the oxide Cr,Oj. 
and decomposes steam at a r^ heat ; 

2Cr + 3H,0-CrA + 3H,, 

Finely* divided chromium left on heating the amalgam is pyrophoric 
and combines with atmospheric oxygen and nitrogen. On heating in 
nitrogen or ammonia it forms the brown or black ebroQuun nitride CrN. 

Chromium dissolves slowly in dilute sulphuric and hydrochloric acids 
especially on heating, forming blue solutions of chiomous mIU : 

Cr + 2HCl-Cra,.hH,. 

The sol utions rapidly absor b atmosplieric oxygen , forming green solutions 
of ohromie uIU : 4CKa, + 4HCI + O, - 4CrCi, + 2H,0. 

Hot concentrated sulphuric acid attacks chromium rapidly, sulphur 
dioxide being evolved. Dilute nitric acid does not dissolve the pure 
metal and in the concentrated acid it becomes paasu's and is then 
unattacked by dilute acids. Passivity (due to a fllm of oxide) is also 
induced by exposure to air or dipping in chromic acid. It is destroyed 
by touching the metal under the sunaee of dilute sulphuric acid with 
sine. 


Ohbomous Coufouvds 

The chromous salts contain 2* valent chromium and are powerful 
reducing agents. They are formed by dissolving the metal in acids or 
by reducing chromic salts with nascent hydrogen {zinc and dilute acid) ; 
Ot"' + H — Cr” -I* H*. This reaction is reversible and chromous salts in 
acid solution evolve hydrogen. eepccMlIy in 
contact with platinum, although they do not 
react with pure water. 

60 gm. of pure granulated sine and 10 gm. 
of flne]y«powdered potassium dichromsie are 
placed in a flask fitt^ with a tap funnel and a 
dalivsiy tube dipping under water (Fig. 364). 

800 ml. of concentrated hydrochloric ackl 
mixed with 100 ml. of water are added. A 
violent reaction occurs, the liquid first be- 
coming green (CrCU) and then blue (CrCl|). 

The liquid is rapidly passed through bn asbestos 
Alter into a saturated solutiM of sodium acetate 
(92 gm. of sodium acetate crystals), when red 
^hromoos acetate Cr(CH»’COa)a is thrown down. 

This is fairly stable ; it is washed in a closed flask by decantation with 
water saturated with earbon dioxide. 

The second part of the preparation is moro diflkult. The air ts expelled 
&om the flask by hydrogw and the solid disKotved in wnesntraUd hydro- 



Fio. 9M. — •Prepare tioo of 
cKromous enloride. 
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chloric acUl. A blud solution of chromous chloride is formed. This ia 
<*ooled ill ice end a ciuront of hydrogen chiorido gaa ia passed in. 
Chromous chloride hydrate CrCl„4HjO is precipitated in blue needles. 

Anhj'drous chrotnoud clOonde is obtained by heating chromic chloride 
in hydrogen: 2CrClj + Hj»2CrCl5 +2HC1, or metallic chromium in 
hydrogen chloride. It forms wAr/e deliquescent silky needles. The 
vapour density at high temperatures corresponds with the equilibrium : 
OjCl^eiiCrCl,. 

Chromous fluoride CrP,. formed by the action of hydrogen fluoride on 
CiCI«. is white an<l nearly insoluble. Chromous brooude CrBry and chromous 
iodide CrTj, forme<l by passing hydrogen over the healed chromic rompountls, 
are white and soluble in water to blue solutions. 

Sodium h3*clroxi<lo added to a solution of a chromous salt in absence 
of air precipitates brownish •yellow chromous hydroads CrfOH}}. which 
is readily oxidised in air and in the moist state evolves hydrogen : 
2Cr(OH)2 •I'2H30 B2Cr(0H), + H,. Chromous oxide CrO cannot therefore 
be obtained by heating the hydroxide ; it is formed as a black powder 
on exposure of chromium amalgam to air. 

Chromous esrboaste CrCO> is obtained as a grey precipitate on adding 
alkali carbonate to a solution of a chromous salt. It forms stable red or 
yellow double carbonates K4Cr(C0»)i«3H,0 and Na|Cr(COa),il0H|O. 

Chremouj oxalste CtC| 0«»H|0 is only sparingly soluble ; when moist it 
has little temlency to take up atmospheric oxygon, and when dry it is the 
most stable chromous salt. 

Chromous sulphate CrSO^.THsO is obtained in 6 no blue crystals iso* 
morphous with ferrous sulphate by dissolving the acetate or metal in 
dilute sulphuric acid and cooling the solution. It forms blue double 
salts, e .{f. K jCr( SO* )« .OHjO . T fie am mon iacul solution of CrSO* a bsorbs 
acetylene and the aqueous solution absorbs oxygen and nitric oxide. 

CuROMTC Compounds 

Th c chroxn i c salts are st a ble compounds contain! ng 3 • valen t chrom ium 
and mostly exist in at least two modifications : (i) a violet form in 
hydrated crystals or in solution, the latter containing the chromic ioQ 
Cr”* or probably (CrfHjO)*] ” ; and (ii) one or more green modifications 
in which part or all of the chromium U present as a complex ion. In the 
green solutions there is generally hydrolysis. With very weak acids 
3-vaIent chromium forms complex salts in which it exists in very stable 
aniona. Another group of complex compounds are the arnmine com- 
pounds with ammonia, e.g. [Cr(NH,)*lClj. 

Anhydrous chromic chloride U obtained as a sublimate of peach- 
blossom coloured scaly crystals when chlorine is passed over heated 
chromium or a mixture of cliroroic oxide and carbon heated to redness . 

Cr,0, + 3C 3Cl, - 2CiC1, + 3CO. 
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It is also formed by heating the hydrate in hydrogen chloride. T)io 
crystals arc volatile at 1085^ and the vapour density at 1200^-1300^ 
corresponds with CtCIj. At higher temperatures there is dissociation : 
20rCl3 ^ 2CrClt + Cl,. The crystals are almost insoluble in cold water 
and are not attacked by boiling concentrate<l sulphuric acid, but readily 
dissolve in water in presence of a trace of chromous chloride {or a 
reducing agent such as SnCI, or CuCl) giving a green solution. 

Three crystalline hydrates of ehremie eUeride CrCl},8H,0 are known, 
all readily soluble in water, via. two ^run and one preyisA*frfue. The 
dark-green chloride is the common form. It is obtained by dissolving 
chromic hydroxide in hydrochloric acid or when chromium trioxido is 
boiled with concentrated hydrochloric acid : 200, -i- 12HCI «2Cr01, + 
SCli-fOHiO. The solution is evaporated until its weight corresponds 
with less water than CrCl 9 , 0 H,O. then made up to this weight and 
cooled. 

The greyieh-blut chloride is mede by dissolving the crude <iark 'green 
chloride in its own weight of water, boiling for half an hour under a reflux, 
cooling below 0 * and pasaing in excess of hydrogen chloride, when it orys* 
tallUee. The light-green chlorule is precipitated on adding ether saturated 
with hydrogm chloride to tl»e filtrate from the greyish* blue chloride and 
psasing in hydrogen chloride at 10^. 

In solution the greyish 'blue ehlorkle gi\*es three chloride ions, since all 
the chlorine can be precipitated with silver nitrate. The light*greon form 
gives only two chloride ions and readily loeea e molecule of water. Tho 
dark'green form gives only one chloride ion precipitated by silver nitrate 
m pretonce of a little nitric or sulphuric acid. Altering rapidly, and it 
readily lose# two moleculee of water. Werner represented the constitution 
of the tliree forms as follows : 

grsyish'blue : (Cr(OHah)Cl> 
light-green : lCriOH,)»Cl)CT, + H,0 

dark.green : lCr(OH,|«a,)CI ^ 2H,0. 

The atoms or molecules inside tlie square brackets are directly co< 
ordinated {p, 416) with the metal atom and are not ionisabte. whereas the 
radicals outside are ionisable. The number of atoms or molecules oo* 
ordinated with the chromium atom is alwaye six. 

Chromic fiuoride CrFt sublimes in dark-green needles on passing hydrogen 
A^ride over heated CrCl, ; it is sparingly soluble. Small quantitiss of a 
brown solid tstrafluorids CrF^ and a bright* red liquid psatafluoride CrF» are 
formed by the action of fluorine on chromium. 

Chromic bromids CrBra (greenish-black) and ehroi^ iodide Crl| {red) are 
formed by passing bromine and iodine vapour over heated chromium, en d 
fora hydrates CrBr».eH,0 and Ch^I^9H,0. 

cyoaie nifties 0 r(N 09)9 U obtained by dissolving the hydroxide in 
aiMo acid and crystallises with dH,0. It is stable in the violet form 
end its solution ouy very slowly bewmes green on heating, recovering 
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the violet colour on cooling. Tlie chloride and sulphate readily form 
green solutions on heating and these pass into the violet form only oq 
long standing in the cold. If the acid formed by hydrolysis is nearly 
neutralised by alkali, and then an acid is added, a violet solution is 
rapidly formed. 


Chiomic phosphate CrPO| is formed as an amorphous violet precipitate 
from cliromic salts and sodium phosphate solution. On standing for a day 
or two in contact with the solution it forms a violet crystalline hexahydrate 
CrPOi.tiHtO. On standing for a week a green amorplious tetrahydrate 
C'rP 04 . 4 H |0 is formed. A green crystalline tetrahyilrate is formed by 
boiling the violet hexahydrate with water for half an hoiir, and a green 
dihydrate by boiling the other hydrates with acetic anhydride. All the 
hydratea give a black powder of CrPO^ on heating. 


Chromic oxide {chromium usqutoxide) is formed as a grccn powder 
insoluble in water by heating chromic hydroxide or ammonium 
dichromate : 2Cr(0H),-Cr,0, + 3H,0, 

(NH4),Cr,0, -Cr»0, + Nj + 4H*0. 

or heating sodium dichromatc with sulphur in an iron pot and washing 
out the sodium sulphate from the residue ; 

NatCfjO, + S - Ka^O* + Cr,0,. 

A very fine green oxide is produced by gently heating mercurous chro- 
• 4Hg4Ct04 - «Hg + 2 Cp,0, + 50,. 

Dark -green hard hexagonal crystals are formetl by fusing the oxide with 
calcium carbonate and boron trioxidc, by igniting a mixture of potas- 
sium dichromate end common salt, or by passing chromyl chloride 
vapoxir through a red-hot tube : 4CrO,CI, *20,0, + 0, + 401,. 

The cr>'»talline oxi<le or Uiat pro<luco<l by ignition of tbs hydroxide or 
ammonium dichromsto is insoluble in oci<ta, except hot 70 per cent per- 
chloric acUl which oxi<lis«e it to CrO, : it may bo mwle soluble by fusing 
with potoasium hydrogen 8ul|)liate (forming chromic stilpliate) or sodium 
peroxide (forming sodium chfomatoh or by heating with alkoluie pop 
menganate when a chromate is formed and manganese dioxide preoipitateU r 

Cr,0, + 2MiiO/ + 20H' c 2C>0*" ♦ 2MnO, + H.O. 

Chromic oxide has a very high melting point ami is very refractory, 
but it dissolves in fused borax or glass, giving a green colour w'hirh 
becomes blue if strontium is present ; this is used in tinting and 
painting porceUin. The oxide U used as a permanent ml i»mt 

called chrome-ornn. (It U often replaced by a mwturc of Prussian blue 
and lead chromate, which is less permanent). . . 

Chromic hydrexido is formed as a pale greyish-green flocculent pre- 
cipiute by adding an alkali hydroxide or ammonia to a solution ol a 
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chromic salt. According to Sic wort (1861) pure chromic hydroxide in 
precipitated from hoUing eolutiona of chromic salU by ammonia. From 
cold solution the precipitate contains ammonium salt, and if precipi- 
tated by potassium or sodium hytlroxide, or if alkali salts are present 
in the solution, it contains alkali a*hich is not removed by washing. 
The precipitate when dried over concentrated sulphuric acid has the 
composition Cr(OH)a,2HtO. On standing in contact with dilute alkali 
the precipitate slowly “ ages "and changes its properties. 

A dark-green colloidal solution is obtained by dialysing a solution 
of the freshly- precipitated hydroxide in chromic chloride solution. It 
can be boiled but is precipitated by salts. Chromium hydroxide, liko 
aluminium hydroxide, is appreciably soluble in conctnlraUd ammonia, 
and in presence of large amounts of ammonium salts pink solutions 
containing ebromsmmiau, e.g. [CrCl(NH})«HfO]Clt &ro formed. 

Dy fusing together equimolecular amounts of potassium diehromata and 
crystallised borie acid and lixiviating with water, a brilliant-green powder 
is left, used as a pigment un<ier tho name of Quigna't grten. This is usually 
supposed to be the hydroxide CrtO(OHl 4 but usually contains soma boric 
acid; a product Cr|Oa,2*l4H,0 free from boric acid was obtained by 
Simon (1929). 


Precipitated chromic hydroxide dissolves in sodium or potassium 
hydroxide solution to form a grass-green solution which may contain 
a chromite. All the chromic hydroxide is prccipitatad from the solution 
on boiling, and it has been supposed to be present as a colloidalaolution. 
Solid crystalline alkali chromites arc K}Cr0),4H|0, NasCrO^idHiO, 
and Na^CrO^.BHsO (Pricke and Windhausen, 1024 ; Scholder and 
Phtacb, 1034). Chrome-ironstone has been regarded as ferrous 
chromite re{CrOt) 3 . 

Chromic tulpUdc CtiSi Is obtained in dark-green or black crystals by 
heating sulphur with chromium, or CrCh in H,S. It is not decomposed by 
water or acids, but on adding a solution of ammonium sulphide to a chromic 
spit only cliromic hydroxide is precipitatad : 

2CiCl, + 6H,0 + 3 (NH 4 ),S = 2Cr(OH), + 6NH,C1 4 3H,S. 


Chromio tulphate is obtained as a bluish -violet crystalline maas by 
allowbg a mixture of equal parts of concentrated sulphuric acid 
and chromic hydroxide (dried at 100 ^) to stand for some weeks in a 
loosely-stopper^ bottle. From its solution in water contauung a little 
alcohol violet octahedra of 0 ^( 804 ) 9 , 18 H |0 are deposited. 

By heating potassium dichromate or chrome alum with concentrated 
sulphuric acid an olive-coloured acid sulphate 2 Cri($ 04 )|,HsS 04 completely 
msoluble in water arxd acids is formed. 

Chromic sulphate forms alums with alkali metal sulphates. Po- 
chiomie solphete or ordinary chrome alum KCr(S 04 )i, 12 H |0 or 
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K2S04,Cr3{S04)3,24H30 is obtained by reducing a solution of potassium 
dichroniatc acidified with sulphuric aei<l, and forms dark* purple octa* 
hedral crystals. These arc also formed on the carbon plate in dichro* 
mate celb after use. Chrome alum is formed a$ a by* product in the 
oxidation of anthracene to anthraquinone by sulphuric acid and 
potassium dichromate. It is used in dyeing and cab co* printing and in 
tanning. Tbe following experiment is a convenient method of prepara- 
tion : 


Dissolve 20 gm . of potassium d icliromate in 1 50 ml. of hot water and after 
cooling add 4 ml. of concentrated sulphuric acid. Pass sulphur dioxide 
slowly into the uvll*coo/ed solution until tlie red colour, which at liret 
changes to brown an<l tlien to olive-green, becomes greenish-blue: 

K,Cr,0, H ^04 + 3SO»» KtSO, + Cr,(SO*), + H,0. 

Set aside in a covered dish for some time and obsen*e the formation of 
purple octahedral cr>*stals of chrome alum. Instead of sulphur dioxide, 
alcohol may be iLsed in the reduction and is oxidise<l to aldehyde. 

A solution of chromo alum in coUl water is <lull bluish-red ; on beating 
to 70^ it becomes green. Barium chloride precipitates the violet solution 
compistoly whilst the green solution Is not completely precipitated. If the 
green solution isallow'od to stanci for some time in the cold it becomes violet. 

Chromic acetate is obtained as a green su hit inn. used as a mordant, by 
dissolving the hydroxide in acetic acid. Chromicysnides, KaCr(CK)4 
and Ag»Cr(CN}a, analogous to ferricyanidos, and chioGuthiocyaDSUi. t.g. 
K»Cr(CNS)4,4H,0 (dark red), are stobJo and crystalline. 


CHRO^aUM TwOXlDB AJfD TUB CflBO MATES 


The acidic chromium trionde CrO, contains 0- valent cliromium and 
forms salts derived from a chromic acid HjCrO^ which is not known 
but is analogous to sulphuric acid : 


0»S 




0 




O^Cr 


0 


sulphur 

trioxide 


0 
0 

chromiuro 

IrioxkSo 




0^ ^0— H 

sulphuric 

acid 


0^ ^0— H 


chromic 

acid 


Chromic acid forms normal chromstes {t.g. K 3 Cr 04 ) and dichreautes («.7* 
KjOjO,). analogous to sulphates and disulphates-* Acid chromates, 
e.y. KHCrO^ are not known, but by the action of excess of CiOjOr by 
boiline the dichromate with nitric acid, tricbienutac (e.y. KjCtjOjo 
K gO,3CrOj) and utrachromates (e.g. KjCr^Ou or K, 0 , 4 Cr 03 ) are forme 


as red crystals. 


• 4 ^msrr,e.n miAtAkO IS lO CUppOM thot ft dlcIlfOmatO JB fOTTOod by " . 

. oxidising . mangaaeto). Both 

chromaW and dlchroraat© conlain tbe same ©-vaknl chrocnium. 
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In the manufacture of chromatea and di chromates the starting 
material is the mineral chromite or chrome ironeione FeCTfit (ferrous 
chromite). 

When finely* powdered chromite is strongly heated with an alkali or 
alkali carbonate with free exposure to air, the chromium is slowly 
oxidised to a soluble chromate and the ferrous iron to ferric oxide : 
4FeCrj04 + IfiNaOH + 70, - 2Pe,0, + SNa^CrO* + 8H,0 
4FeCr,04 + 8Na,C0j + 70, - 2Fe,0, + SNa^CrO* + SCO,. 

Oxidation is faster with a mixture of alkali carbonate and potaa* 
sium nitrate or chlorate : 

2FeCr,04 + 4K,C0, + 7KN0, - Fe,0, + 4K,Cr04 + 7KN0, + 4C0, 
BFeOjO, + 12K,C0, +7KC10, - 3Fc,0, + 12K,Cr04 +7KCI + 1200,. 
or with sodium peroxide : 

2FeCr,04 7Na,0| - Fe,0, * 4Na,Cr04 'f 3Na,0. 

Od the technlcel scale fusion with potesslum carbonate was formerly 
used, the yellow solution of potassium chromate being acidified with 
sulphuric acid, when on cooling potssalum dkhroAats K^CfiOf is formed in 
bright^rod crystals r 

2K,Cr04‘f H,S04 *KA.O, + + H,0. 

In (he modem proceee a mixture of finely* powdered chromite, sodium 
carbonate and <|uick|ime is heated lo redness on the hearth of a roverbero* 
tory furnace with free exposure to air, when carbon dioxide Is evolved and 
sodium chromate is formed. Tl>e function of die quicklime is probably to 
keep the mass porous and prevent fusion. The sodium chromato is oxtracted 
with water and concentrated sulphuric acid Is added : 

2No,CrO, 4* H,S04 » NaAtO, + No^SO, + H,0. 

The sodium sulphate crystallises and b removed. The solution b concen* 
trated and deliquescent red crystab of sodium dichremate KaAt^t’^^iO 
slowly separate on cooling. 

Sodium di chromate b cheaper and more soluble, but may be con- 
iVerted into potassium dichromate by crystallising fh>ra a soluUon 
of sodium dlchromate and potassium chloride. Cliromates and dj- 
chromates are used as oxidising agents, as mordants In dyeing, and in 
preparing insoluble pigments. 

By the action of concentrated sulpburic acid on a solution of a 
chromate or dichromate, red ehmabm biozide CrO, b obtained. This 
b often called chromic acid although it b the anhydride of this acid, 
which would have the formula H,C^4. The solution of chromium 
tripxide b red in colour and strongly acid. The colour, the depression 
of freezing point, and the conductivity show that the substance present 
b mostly dichromic add H,Cr,0, or the ion 0,0," : 

2CrO, + H,0 ^ 2H* +0,0/'. 
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Chromium trio^idc propArod in the laboratory as follows ; 

Dissolve 30 gm. of KyOaOt in 65 ml. of hot water and to the cooled solu* 
tion adil slowly wnth stiiring 70 ml. of concentratecl H^O^. Allow to stand 
for twelve hours and pour the off the crystals of potassium hydrogen 
sulphate w’hich have separated : 

K,Cr,0, + 2H,SO* » 200, + 2KHSO4 + H,0. 

He«\t U> add 25 ml. of sulphuric aci<i and just sufficient water to dissolve 
the CrO, separating. Allow lo stand twelve hours and decant (he liquid 
from the crystals of CrO,. \^*ash tlie latter w’ith pure nitric acid in a Buchner 
fxinnel containing asbestos, drain well and heat to 60^ to 60^ in a t\ibe in a 
current of pure dry air to remove adltering nitric acid. 


Pure chromium trioxidc forms small bHglit violct^red needlc*shaped 
crystals ; the commercial substance is a red solid. Chromium trioxide 
is very <lcliqucscent . It melts at 1 to a dark-red liquid , solidifying on 
cooling to a reddish- black mass with a metallic lustre. Wlicn heated 
at 420* it loses oxygen : 4Cr0j - 2Cr,0, -f 30,. and a little of the tri- 
ox Ide sublimes. Chromium dioiide CrOj is said to be formed as an inter- 
mediate stage, or by heating chromic nitrate, but it has a somew'hat 
variable composition. It may be formulated as basic chromium 
chromate (Cr*'* 0 )tCr'^* 04 . 

Chromium trioxidc is a ttry potctr/ul oxidising a^eni. Alcohol dropped 
on it Inflames and the concentrated solution is rc<luced by sugar, oxalic 
acid, paper, cork, etc. It oxidises sulphur dioxide, hydrogen sulphide, 
stannous chloride, arsenious oxide, ferrous salts, iodides, etc. In acid 
solutions the reduction is always to a chromic salt : 

200, -0,0, + 30. 


2C'rO, + 3S0,- Ojl-HO,), <soma dithionale is also formed) 

200, + 3HrS + 3H,.S0, = O.tSO,), + S + 611,0 
200, . 3SnC l, -K 12HCI « 2CrCI, + 3Snri, 4^ «H,0 
4CrO, + 3As,0, + 12HCI + 3H,0 = 4CrCl, ^ CHjAsO, 

2C'rO , + 6FeS0 , + 0 H ,«0, * O,(S0 ,), + 3Fe ,{S0 , + OH ,0 
K.O.O, ♦- OF0SO4 + 7H,S0, - O,(S0,>, •( 3Fe,(S04l, + KjbO, + 7H,0 
K,O,0, + OKI + THjSO, = O,(b0*), + 4K,S0, * 31, + 7H,0. 

A solution of poUssium dici.romate mixed wiHi sulphuric wid is very oftOT 
used »8 an o^iising agent : a solution of cl.rom.um tnox.do .n glocisl 
acetic acid (which U not oxidised) a also used. 

Chroinates.-Mofallic chromates if-solubbare formed from the oxides, 

hydroxides, or carbonates and chromium trioxidc ; if ^ 

can be prepared by double decomiK.s.tion. All soluble chromate 

K.CrO, U oiilaine.1 in lemon-yellow readily sobble 
crystab, m. pt. 9«8-3», by evaporating a solution prepar^ 
the correct amount of pota-ssium hydroxide or enrlKmate to a solu 
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tion of chromium trioxidc or j>ota£sium dichromato. Tho salt ia 
isomorpboua with potassium sulphato. Its yellow solution is alkalino. 

PoUssium dichrotBsW K^Cr^Of may be obtained by adding the requisite 
amount of sulphuric acid to a saturated solution of the normal 
chromate, and crystallises on cooling in garnct*red crystals* m. pt. 300^. 
It is much less soluble than the normal chromate and forms an orange- 
red solution with an acid reaction. 

Both potassium salts are non-deliquescent and crystallise without 
water. The solubilities of the two salts in 100 parts of water are : 

0* 30* 60* 1056* J04.8* 

K,CrO« • . 67*11 65 13 74-60 88*8 (b.pt.) — 

K,Cr»0, • • 4*64 16 09 46-10 — 106-2 (b.pt.) 

Sodium chromats NaiCrO^ilOHiO and ^chromate Na)Cr|07,2H)0, made 

on a large scale, are deliquescent. Ammeniuft ehremata (NH4)|OrO| is 
unstable and tends to lose ammonia, forming the di chromate ; it is 
obtained by crystallising solutions containing excess of ammonia. 
Anunouimn diohromats lNH4)}Cr207 IS readily obtained by adding 
ammonia to tlie requisite amount of cliromium trioxide in solution and 
crystallising. It forms orange -rod crystals which decompose violently 
on heating, evolving nitrogen and steam and leaving a voluminous dull* 
green mass of chromic oxide : (NH4)|Cr|0y * CrtO, + Nf 4- dH^O. 

Potassium dichromate is used in volumetric analyw for the cstima- 
tiOQ of ferrous iron ; 


KjCriOf +GFeS04 *Crs{S04)) + K,S04 +3FC|(S04)j +7H|0. 

The most Important sparingly soluble chromates are : 

SUvst ehiomats Ag|CtO«, brick-red, rather sparingly soluble in acids and 
ammonia. 


Barium ehromate BaCrO«, yellow, insoluble in acetic acid, aoliibte in 
hydrochloric, nitric and chromic acids ; used in the gravimetric determina- 
tion of barium or a chromate. 

Zlncehrosste (basic) Zn,{0lI)tCr0t.H|0. a yellow pigment. 

bud chromate PbCrO^ (cAroms-ye/fote— used oa a pigment), precipitated 
from Pb(NO|)| and KtCraO,, soluble in nitric acid and in alkali hydroxide 
(forming a chmmate and a plximbite), the (east eoluble lead salt but more 
soluble in hot water. 

Basie laad chromste PbaCrOi (chrome-red — used as a pigment), formed by 
digesting PbCr04 with cold sodiiun hydroxide solution ; mixed with 
PbCrOj it forma the pigment chrome-orange. 

Bario bismuth dichromate (BiOliCrtOt, orange yellow. 

Chiomyl chloride. — Sulpbiuyl chloride SOfCIt is the chloride of aul* 
phurie acid SOs(OH),, and ohromyl chloridt CrOjCIi is the chloride of the 
^ifpolheiical chromic acid CtO^OH)j or HtCr04 : 
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Cliromyl clilorido is prepared by distilling a dry mixture of sodium 
chloride and potassium dichromate with concentrated sulphuric acid 
in a retort ; a deep-red vapour of chromyl chloride condenses in a 
cooled receiver to a deep-red (nearly black) liquid like bromine ; 

4NaCI + KjCtjO, -i- GHjSO^ - 4 NaHS 04 + 2 KHSO 4 3HjO + 2 CrOja 4 , 

Bromides and iodides do not produce corresponding compounds when 
distil{e<l with diclironiate and sulplmric acid but the free halogen is 
Ubernte<i : this may be \ised in the detection of chlorides in presence of 
bromides and todidea, since if a chloride is present the distillate when 
collected in water produces chromic acid an<i gives with lead salts a yellow 
precipitate of PbCrO^. 


If concentrated sulphuric acid is added in small quantities at a time 
to a cooled solution of chromium trioxide in concentrated hydrochloric 
aoid> chromyl chloride separates : 

CrO, +2HCI - CrO^lj + H,0. 


Chromyl chloride, b. pt. 116*7^, has the norma) vapour density. It is 
violently decomposed by water : 


CrO A + H,0 - CrO, + 2HC1. 

Chromyl chloride is a powerful oxidising agent, exploding in contact 
with phosphorus {ef. Br^) and inflaming sulphur, ammonia, alcohol and 
many organic sul^tances. 

\Vhen three parts of powdered potassium dicliromate are dissolved iit 
four parts of warm concentrated hydrochloric acid and a little water and 
the liquid cooled, or if chromyl chloride is added to saturated potassium 
chloride solution, red crystals of potaunun cblerechroiaute KCrOjCl 
salt) are formed : 

KAtO, + 2Ha - 2KCfO,Cl + H,0 
CrO,Cl, + KCI + H,0 - KCrO,CI + 2H01. 

This may be regarded as derived from a htjpofhfticaf chlorocliromic 
acid : 

chromic acid CrO,(OH), chlorochrojnic acid CVO,(OH)CI. 

Perchromic acid. — If a solution of chromic acid or of a chromate 
acidifletl with sulphuric acid is addwl to hyclrogen peroxide solution, 
a blue liquid is produced which gives a deep indigo-bluc colour in 
etficr when shaken with it. This blue solution contains a higher 
oxv^en comimund of chromium called perchromie acid. On .standing 
over dilute acid, the solution in ether slowly loses its colour and the 
dilute acid becomes green from formation of a chromic salt. Un 
A<ldition of alkali to the blue ether solution, oxygen is evolved anU a 
chromate is formed. 


By the action of organic bae« (aniline. p>Tlrlin©. ote.l on tho blue 
solution, d€cp-blii€ ealt* aro forme.! which are oxplcwiv©. Those hsyo been 
represented as lTO,<0R).H,O,. dcrivcl fn>m HCrO,. or as oculs salts 
KH CrO, dori>'Cil feun HjfrO,. but riiey uj^^tcftr bo nchiKion compounds 
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of an oxide CrO| and not true aalta. \\'hen ammonia gaa ta paaeed into the 
blue solution in ether the compound Cr04,3KH9 aeparatea. From alkaline 
chromate solutions and H,0|. rtd salts of U»e formula R^CrOtare obtained, 
which on treatment with acids evolve oxygen and form the blue ealte. 
The red ealt KaCrO. appears to be: 


0 , 0 . 

Cr 

Oi 0, 


K| or 


0. yO— O 

I )Crf0-0 

0/ \o-o 


K. 


containing 5*valent chromium and having an odd electron, as confirmed 
by its pammagnetiam. The blue perch romic eckl was formulate<l as 
Cr0|.H|0| by Moiasan and as HaCrO^ by Rtesenfeld. Riesenfold obtained 
very explosive dark -blue eiyatala by adding 97 percent hydrogen peroxide 
to CrO) in methyl ether at - 30*, pouring off the blue liquid from excess 
of CrO» and evaporating in a vaeutun at > SO*. He regardetl it os free 
perchromic acid, H|CrOf,2HsO, iHit according to Schwarz (1936} it is a 
compound of methyl ether witli a non.aciclic oxide of 6* valent chromium, 
CrO|. vis. CrO»,(CHihO, tJie oxide being : 



The atcmio might of ehremiuoi has been found by reducing ailver 
chromate and dichromate with sulphurous acid and precipitating the 
silver as chloride or bromide. The valency is found from the atomic 
heat, the vapour density of CrOl^ and CrO|Clj, and the isomorphism of 
chromates and sulphates. 


MOLYBDEKtm 

The mineral MofyhdcntVc, which is found in Norway, Mexico, Colorado, 
Korea, and China, resembles graphite but was found by Scheele (I77S) 
to consist of DoljbdsDum sulphide MoS^. Wlien roasted in air it loaves u 
residue of nolybdenuia triexl^ MoO| which dissolves in excess of ammonia 
to form sfflmciuun molybdate {KHt)akfoO«. The crystals obtained by 
evaporation (ordinary " ammonium molybdate *') are more complex, 
(NHt>4Mo,Oa«,4H|0. Molybdenum and tungsten show marked tendencies 
to form such complex compounds. A solution of ammonium molybdate 
m nitric acid gives with phosphoric acid in the cold a canary 'yellow pm* 
cipiute of (NH4),P04.I2 MoO,. 2HNO„H,0. which when heated for some 
time at 160*>180* leaves pbcsphomotybdats (NHtliPO^.lEMoOi. 

On gsntle ignition a black residue of P)0|,24MoOs is left. A solution of 
ammonium molybdate in dilute nitric acid slowly deposits yellow 
a^melybdie acid HaMo04.H,0 which at 70^ in water forms white j^-molybdk 
add H|MoO|. CoIhridsI molybdic add is formed by dialysing a solution of 
anunonium molybdate and hydrochloric acid 2 it forms a gum on 
avaporation. 

On heating molybdio acids or amioonium molybdate, white molybduum 
^axids MqOa, which sublimes on heatmg. is formed. On heating this in 
hydrogen at 500* it forms reddisli- brown Botybdenum diosds MoO|, and 
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thU ift ro<liice<i in hydrogen at 1200** to a grey (x>w<ler of meUUic molybdemuD. 
Molybdenum (discovered by Hjelm in 1782)13 made commemally by strongly 
heating molybdenum trioxide with carbon. The grey powder sinters at 
1000^ and can be liammeretl into rods, winch are drawn Into fine wire, 
U3C<1 to support tiingsten filaments In electric lamps. The metal is silver* 
white, fairly soft, oxidises slowly in air at room temperature and rapidly 
on heating, and bums when heated in oxygen, forming volatile MoO,. 
Ftrromoltfbdtnutn b used in making alloy steels. 

Molyb<loniim shows valencies of 2, 3. 4. 5, and 8. the compounds with 
lower valencies being reducing agents. Molybdenum hexafluoride MoP«, the 
only fluorUle known and the only halide of II* valent molybdenum, is forme<l 
in colourloes ciystaU by direct coinbinatidn of the metal and fluortno. 
Uolybdeoum peoUchlcride MoC1» sublimes in black crystals on heating 
molybdenum in chlorine. It fumSM in mobt air. Molybdenum tetrachloride 
MoCl« b formerl as a brown sublimate un licaling molyUlcnum trichlorido : 
2MoCl]sMuClt4 MuC'h. tlto trichloride being furmed in copper* red crystals 
by passing a mixture of M0CI4 vaiM>ur and carbon dioxide through a h«ate<l 
tube. The trichloritle is insoluble, but forms a soluble rod hydrate 
MoC'l„SH,0 (c/, CrClj), obwined in solution by electrolytic rs»luction of a 
solution of .MoO> in hydrochloric acid. Comiiounds of bit'alent molybdenum 
are unimportant ; the so-called dkhJoride, an amorphous yellow so1i<l formed 
by heating MoCI, in dry carbon dioxide, is .AIo^CU and probably has the 
structure 



and similar compounds are forme^l witit other acid nulicals. 

Ileaidee the welhknoum molybdenum trioxido, there is a psatonde MojOj, 
formed by heating Mo an<l MoO, at 750% ami hydroxides MoO(OH), and 

Mo<OH),. . , ,, 

Molybdicyamdes M>Mo(CNh conUin S-valent molybrienum and pselybdo- 
cyanides contain d-valent molylulenum ; the latter givo a blue 

colour with ferric sails. In these cornpoumls mol>b<lenum has the 

coorilination number 8. • 

An iTni.ortant compoun<l is pbespbomolybdic acid, usually f<.nmilntca os 
P O 24MoO,.U3H,0. ol>taine<l ah doo|>-yellow crysinls by hooting rniinui. 
„ium [>ho*pli..molyb<lato « iH. aejua regia nii.l re. ry-Urllumg from water 
contaiiiixig a little nitric aekl. 


Tt*yosTE>* 

The heavy mineral which ia now celle.1 acAcc/rVe was foi.n.l by Sehocle 
in 1781 to ^ calcium tuapUle, CaWO.. A comm.mer ininen.l la u’ol/ram, 
ferrous tuncsUto KoWO, found with tinstone in (•<.mwall but ni.wt abundonliy 
n fUina If tiKW minerHh are lH>ilc»l wilh conceutrnted 

;"y.“ rra!id. a yellow ,H,wder of nmgstcu trieaid. tVO, l” .un.stie acid "> 

tuapua i-s obtaincl by rchi.i.ig the trioxi.le with .aria... or 
Metallic „l.tai,.cHl in (hoelcMirir fun.a.e, le 

2-«..r..cntoffr., TungsWn 
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filaments (m.pt. 3400*) are used in electric lamps. TIjoy arc mails by re- 
ducing pure tungsten trioxide in dry hydrogen at 1200'", proving tlie 
tungsten powder into rods, sintering Uteee at tS()0' in hydrogen, rolling and 
hanunering at a high tempera tiu^, and then drawing at 400^''600^, llnally 
through a bored diamoml. 

Tungsten bums to WO» in oxygen at a nxl heat and in chlorine to WCI« 
at 250”-300*. It is only slowly attacked by ackls but rapully by fused 
alkali. 

Tungsten shows valencies of 2, 3, 4. S, and $. the compounds with lower 
valencies being reducing agents. It show’s a greater tendency than molyb- 
denum to form complex compounds. * 

TuBgstsa bexafluonde WF| is a colourless fuming liquid, b. pi. 19*0^, 
formed by distilling the hexachlorUle with anhy<lrou8 hydrofluoric acid : 
WC1« + 6HF w \VF« •K 6HC1. Tuogstea hexseUonde WC1« is formed in black 
crystals, m. pt. 275*, by heating tungsten in dry air-froe chlorine : it is 
insoluble in water. Tw*o esychleridss known are red WOCIt ami yellow 
W0|C1,. Tufiptee psatacblerids WCI». tusftteo tectaehloride WCI«, and tuognea 
dicblohds W,C1« (witli the same structure os are known, but tungsten 

trichloride is known only in tlie form of greenish •>*cllow double saha 
M,W,CI». 

If tungsten trioxide (or wolfram) is heated wnih sodium carbonate, 
soluble todiua paratuagstats, a complex salt, Na,»W,| 04 i. 28 H, 0 , Is obtained, 
which is used as a mordant and in rendering flannelette non* Inflammable. 
This is derived from a hypothetical paratungstic acid H|«WiaO«i or 
I2W0, + 6H,0. 

From a solution of sodium paratungstaie in tJiecokl, hy<lrochlorie ocid 
precipitates white acid, HaWO«.H«0, appreciably soluble in water. 

From hot solutions, yellow insoluble /3-tuafsdc acid, H^WO^, is tlirowm down. 
Colloidal CuBfsde acid is obtained by dialysing a solution of sodium tungstate 
to which hydrochloric acid has b^ added. When a solution of sodium 
paratungstaie is boiled with tun^ten triox ido sodium BMUtuspUte is formed 
and can be obtained in cr>*staJs Naf\>'«O|»,10H|O. Tliis gives no pre- 
cipitate with acids, since metatimgstic acid is soluble : it can be obtained 
in crystab Metatungstic acid H|W«Ox, may be fonnulated 

as4W0, + H,O. 

fhosphotongstie scid PaO«,24WO|.03H9O, obtained by acidifying a solution 
of sodium phosphate and sodium tungstate wnth sulphuric acid, is crystal- 
line and is soluble in ether, and is used as a reagent for alkaloids and 
proteins, which it precipitates. It also precipitates potosaium and 
ammonium (but not sodium) suite. 


UKAMIVU 

The black mineral called pitehUende, found in Cornwall, Bohemia, East 
Africa, the Caucasus, and eapccially in Cana<la (Great Boar Lake), was 
found by Klaproth ( 1 789) to be tlio oxkle of a metal whicli he called 
uranium ; it is U^O,. Comoftfs is a vanadate of uranium and potassium 
(40 per cent of U). All these ores contain Uaewt of radium. If pitchblende 
is dissolved in concentrated suliduiric acid, the loatl otc. se|Mrated by 
H|S, and ammonia added to the filtrale, a precipitate of ferric hydroxide 
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and wanyl bydroiid# UO,(OH),. b fonned. From this ammonium carbonate 
dissolves the opannun, forming a crj-stalline compoxind UO,COj,2{NH4),CO, 
which on ignition yields (Jie pure oxide UA« "’h«n this is dissolved in 
nitric acid, yellow fluorescent crysUls of uranyJ nitrate U0,{N0*)„8H,0 
commonly called “ uranium nitrate,'* separate. Uranium salts mostly 
contain the bivalent uranyl radical UO,. They are used in photography 
and in making fluorescent glass. 

Uranium slio^vs valencies of 3. 4, 5 and C. The chlorides UCI,. UCI4, and 
UCI„ and tlie fluorides UF| and UP,, are knoum. Uraaium tetrachloride UCI, 
sublimes in green crystals on heating a mixture of UO, or UjO, and carbon 
in a stream of chlorine : it is soluble in water, aJcoliol, and bensene. 
Uranium penCachloride UClj (the only compound of 5*valent uranium) is a 
red or brown solid formed by tlie action of chlorine on UCI,. Uranium 
trichloride UCl, is fonned in red nee<lles by heating UCl* in hydrogen, or 
as a red solution by reducing a solution of UCl, in hydrochloric acid 
with zinc ; it is a strong reducing agent. Uranium hexafluoride UP, {while, 
soluble solid) and uranium tetrafluerids UF, (green, Insoiuble solid) ore 
formed by the reaction 2UCI* + flK, - UF* + UF, + 5CI,. Uraaiucn oiyfluoridej 
UOF, and UO,F, are known- Uranium etychloride UO,CI, (c/, CrO,CJ,) 
is formed by heating the oxUle with charcoal in chlorine. It was thought 
to be uranium chloride until Peligot ( 1 84 1 ) shouted that, when heated with 
carbon in a current of chlorine, carbon monoxide is formed and dark*gToen 
crystals of UCl, sublime. By heating UCl, with sodium he obtained 
metaUic uranium. Alloys with iron are obtained in the electric furnace, 
and used in making a|>ecial stools. 

Metallic uranium is difDcult to obtain pure os it combines easily with 
oxygen, nitrogen and carbon. It is silver-white, molloablo and ductile, 
density 18*7, giving strong sparks when flled and w hen the |>owder is throuTi 
into a flame. The powder oxidises in air and slowly docom poses water. On 
heating it bums in oxygen to UjO, and in chlnrine to UCJ«. It forms a 
hydride UH„ and a yellow nitride U'SM, at 1000*. 

The common oxide is U,0* : wlien strongly heated in hydrogen this 
forms the black dioxide UO„ dissolving in acids to form uranyl ealts. The 
tricxide UO, is acidic and is formed by lieoting uranyl niirnto at 250* or 
the peroxide UO* in oxygen. It forms uranic scidi }i,UO,. H,U04,H,0. 
and H|U|0}. The urssstes are precipitated by alkalis from uranyl salt 
solutions : UO2" + 40H' » UO," + 2H,0. Tlie alkali uranotos are usually 
fomiulatoti os K,U,0}, 31^,0 and Ns,U,07,OH,0. tho sodium salt (i^raaipon 
ytUow) being used for painting porcelain and making yellow fluorescent 
uranium glaas : those salM may have more complicated formulae. 

A yellowlsh'Whilo uranium peroxide L'O«.3H,0. or UO,.2H,0 when dried 
at 100^, is precipitated by h>*cirogon jioroxido from a uranyl salt solution 

O. /O 

il6 structure may be ^Uq | . A rod colour clue to a p«nirsiiste is form<Hl 

0 ^ 


with hydrogen peroxide and alkali. 

The trsMUjaiuc elements are mentioned on p. 407. 

The formulae of complex tungstates.— The alkali paratungstatee have 
been formulated as 5M,O.I2\VO, or 3MA"'VO, j the decision on the 
basis of analyses is difficult on account of the higli atomic weight of 
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tungsten but the most accurate anal>‘ace agroed with the fonnuJa 5M|0» 
12WOs used on p. 895. Since ammonium moJybdate haa been ahoum by 
X<ray analyaia to be <NH4),M0iOt4> i>e. 3(KH«),0.7MoOj (p. 893). it ia 
supposed by analog^' tliat the )>arattingstale liaa a similar formula, 
SNsfOiTWOt or NaiW^Os^ inatead of 5NafO.I2\VOs or Nai«W|, 04 |. 
The formula Ms 0 , 4 \V 09 or ]iI,W,Oia for tlio metatungatate (p. 895) was 
also based on accurate analyses, but since its X*ray structure ia regarded 
as analogous to that of the j)hosphotungsUte (p. 895), containing the ion 
metatungstic acid haa bw» formulated as HdHiWuO^t], 
i.e. 24W09,4 Hs 0. instca<l of H,W|Ou 4W0a.H,0. Phoephotungatic 
acid can still be formulated as 2 KdPW,| 04 ») = 3H,0«PsOt,24WO|. 

Folcsium. In the hydrogen suli»hide precipitate from a solution of 
pitchblende. Mme Curie (1898) discovered a radioactive element accom* 
panying bismuth which site caMe<l poicniNm. It is identical with radium*F 
(p. 402} and emits arrays to form inactive ra<liiim*0 (radio*lead). ^larck* 
wald (1902) sltowcd that it is precipitated on a plate of bismuth : it is 
separated from telhirium by precipitating the latter with hydrazine, when 
polonitxm remains in solution. It can also be separated by dialysis, since 
it behaves as a colloid. 

^lilligram amounts of pure metallic pelewum halve been obtained 
artiftcially by neutron bomiMrdment of bismuth : 


It ia white and oxidises easily in air or oxygen to pale >'ellow polonium 
dionds. Po0„ existing in two forms. Potoaiua tstmhlonde PoCI^ 
(bright yellow), dicblorids PoCIt (<)ark red), letrs^mido PoBr» (bright 
red), and dibromide PoBr, (purp1c*brou*n). and complex aaJts M|PoX, 
(hi Cs i X sCl. Br), hax*c been prepared (Dagnall ft al„ 1954-5). 


CHAPTER XLV 

MANGANESE AND RHENIUM 


Group VII comprises the Sub*group 6 containing the halogen elemente 
and the artificial element astatine (At), and Sub-group a con tuning the 
natural elements manganese and rhenium and the artificial element 
technetium (Tc). 


ShS-Poqp (tf) 
•m writi: 

At. No. 

Electron 

ciMiSfuntioii 

DeBUtf At. VoL 


fi.Pt. 

Mn 

as 

2-8- 13-2 

7*39 

7*4 

1260^ 

1900* 

Tc 

43 

2dd$l41 





Re 

75 

2-6d632d3*2 

21*2 

8*7 

3167* 

— 

odd WtMX 

At. No. 

Eleelrop 

toaSfonttea 

2>eAJUy 


U.ft 

B.PU 

F 

D 

226 

M08 

. 

•217-6* 

-167* 

Cl 

17 

2*6*2*5 

1'65? 


101*6 

-34*8* 

Br 

35 

2 8 18*2 5 

2*948 


-7*2 

58*7 

I 

53 

2*8*18*18*26 

3*706 


113*9 

184*4 

At 

65 

2*8*|8*32*|8*2*6 






(Tlie densities of the halogens are of the liquids at tl)0 b. pt.) 


The marke<l disparity in properties between members of the oven and 
cdd series beginning in Group V smd increasing in Group VI has now 
reached an acute stage. The only way in which manganese and rhenium 
resemble the halogens is in the formation of volatile acidic hoptoxidcs 
MnjO? and Ro^Of, analogous to CljOf (the corresponding oxides of the 
other halogens are unknoum). Idnt07 is explosive like C\fif, but 
RejO, is not. The perchlorates, e.g. KCIO4, and permanganates, e,g. 
KMn04, are isomorphous and both silver perchlorate and permanganate 
are sparingly soluble in water. 

In its remaining compounds manganese as a transitional element 
shows close analogies with chromium and iron. The metals arc similar 
in physical properties, and both manganese end chromium form basic 
eesquioxides M,0„ dioxides MO,, and acidic triox ides MO* (MnO, 
known only in its salts, the manganates). Potassium chromate (yellow) 
KjCrO^ and potassium manganatc (green) K,Mn04 are isomorphous. 
Manganese resembles magnesium and sine in forming a sparingly 
soluble MnNH4P04, and it resembles iron in forming three oxides of 
the types MO. M,0„ and M^O*. the first two basic, although the 
oxides MjOj are also weakly acidic. The manganous salts are more 
stable than the ferrous salts ; they do not oxidise in air and the sul- 
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phate is more stable to heat. The ferric and chromic compounds, on the 
other hand, arc more stable Ilian the manganic ; MnClj very eaaily 
decomposes into MnCI, and chlorine, and manganic salts arc powerful 
oxidising agents. A manganese alum KMn***(S04)j,12Hj0 resembles 
ferric alum but is leas stable. &Ianganie salts arc ea^ly hydrolysed 
since Mn(OH)3 is a weak base and is amplioteric. 


Manqahesb 

^tory , The most im|K>rt4n( oro of mangnnoAo is the bl ack d ioxide MnOs, 

pynlu^iU, roferreii to by Pliny as ntftynes but confuaod witli the magnetic 
oxide of iron Fe^O*. The name pyr9lu4if€ (Creek pyr fire, fwo I wash) refers 
to the use of the mineral in decolorising greon glaaa. If pyrolusita is added 
in small quantity tlie green ferrous silicate ia oxidiseci to ferric silicate 
which has a pa!e*yellow colour, neutralised by the piir^ile tinge duo to the 
mai^anese. With excess of pyrolusite a violet colour is produced. 

Pott in 1740 and Scheele in 1774 investigated pyTolusite. MeUllio 
manganese was first obtained in an impure form by Oahn in 1774 by 
strongly heating the oxide with carbon. A purer metal was obtained by 
JoJin in 1807. 

Oecurrenca. — Pyrolusite occurs mainly in India, South Africa, tho 
Gold Coast, and Russia. It is usually contaminated with ferric oxide 
and barium, often in the form of ptilomflcne (Mn,6a)0,2MnO}, corres* 
ponding witli Weldon mud CaO,*2MnO,. P>’rolusitc always contains 
less oxygen than corresponds with the formula MnO|. Most of the ore 
is now used in smelting for ferromanganese. 

Less important minerals are trauarle Mn^O,. Aauameniif^s MnaO«, man- 
yanitt hydrated dioxides uad and ptihtnelant, dialogiu or 

rhadccrositt lVtnCO», rAodonifs MnSiO,. alabttndUc MnS and AauenVe MnS,. 
The deposits of hydrated oxides sre sedimentary (precipitates, or derivod 
from oxidation by plants etc. in lakes) or metainorphic (derived from the 
weathering of rocks). Manganese compounds in the sod aro important in 
biological processes. 

Metallic mangSASse. — Impure manganese is obtained by reducing 
tlie oxide MujOi with carbon at a high temperature ; Mn,04'f4 C« 
3Md + 4C0. If less than the theorelical amount of carbon is used in the 
electrio furnace, a purer metal (nearly free from carbon} is produced. 
A purer metal ia obtained by healing the chloride with aodiiun or mag- 
nesium, or by reducii^ the oxide ^0^04 with aluminium in the alumino- 
thermic process (p. 882) : 

3Mn,04 + 8A1 -9Mn +4AJ,Oj. 

The purest metal is obtained by electrolysis of concentrated man- 
ganous chloride solution with a mercury cathode and distiliing off the 
mercury in a vacuum at 260®. 
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Manganese is greyish* white, or reddish* white, hard and brittle, with 
a fairly high melting point, 1260^. When pure it is not easily oxidised 
by air. The metal unless very pure decomposes water even in the cold 
with evolution of li^xirogen, and readily dissolves in dilute acids forming 
manganous salts and evolving hydrogen (even with cold dilute nitric 
acid) : Mji H^SOi * MnS 04 + H,. It unites directly with nitrogen at 
a higli temperature forming aitrides Mn^X^ and Mn^N^ formed by 
passing ammonia over the lieated metal), and with carbon in the electric 
furnace forming a soft cMi^Ad* Mn^C. 


Alloys of iron and manganese are ferromanganese (70-90 per cent Mn 
an<l less than 0*3 |>er cent carbon) and spie^teisen (so*called from its flat 
mirror*like cr>'8tals ; 20-32 per cent Mn ai^ more than 0*3 per cent carbon) : 
uuinganese eteel is very hard and tough and is used for ja^sa of rock •crushers 
atul for machinery, yfanganese bronze is co]>per alloyed with manganese 
and zinc. Manganin is an alloy of copper, manganese and nickel used for 
resistance coils. Pure mangansM becomes appreciably magnetic only on 
heating ; at room temperature it is paramagnetic. Some allo>*8 (HeueUr'e 
alhy$) ofcopiier, ahtrninitim and manganese are forromagnetic. 

1. VnivaUfii manganese is present in white Na4PfnKCX)«l. deposited 
when the dc6p*ycUow solution of alkaline Xa«Mn{CN)« reduced with 
aluminium is tiltcrefl into sodium cyanide solution saturated with soflium 
acetate. 

2. Compounds of 2 •ivrfrn/ mangancsearc the basic menaride ^L)0 and the 
common manganous satfs, Mnd^ and MnSOi. 

3. ComiiountLi of Z-wlent manganese arc the weakly acidic sesgu iodide 

Mn,0,. forming monganUes M'(Mn*”0,). and tlie eompoutuU, t.g. 

MnCn, and Mnj<S(),|,. 

4. Compounds of A-wUnt manganese arc the dioxidr MnO|. acidic and 

forming ftcrmanganiUs and compounds such as Mn^SO,)!. 

5. A compound of S-w/fenf manganese is the blue XajMn'O,. 

g. C’om pounds of B-cofrrtt inanganc** aro the tnajupt nates 

isomorphous with sulphates. 

7 C’ompoun<U of "-ralrnt manganese are the hrptoxide Mn,0,. acidic and 
fiirming i}erftuinijanntes MOln'‘«0„ isomorphoiis with pcrchloretes. 


The electronic structure of the manganese atom is 2|2*2*4|2*2‘4*6|2, 
total 25. the third quantum group containing 13 electrons. The l^n« of the 
two 4-quantum electrons gives the Mn- ion. The other ions of diff^nt 
valency, including anions (manganatp and |M>nnengonate ions) aro fonned 
by the 3.quantum electrons functioning as valency electrons r 


Mn* 2|2'2-4(2-2-4'5|l total 24 valency 1 
Mn— 212*2‘4|2-2*4'5| .. 23 .. 2 
Mn-* 2|2'2*4|2*2*4*4| m 32 3 
MnO*- 212*2 412.2-4- 1 10 (2) .. 27 .. « 
MnOr 2(2-2-412-2-41? (D .. 20 - ’ 
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The numbers in brackets ( ) denota the elactron* gained from hydrogen or 
meUi atomfi» which became cations. Some of the oxygens were assumed to 
be attached by coordinate links : 



but the Mn to 0 distance in tlie tetrahedral MnOt' ion of KMnO* coiree- 
ponds with considerable double biwwl character, as it is similar to the dls* 
tance in SO 4 " and ClO|'. 

Ma>*ganovs Salts 

The solabte manganous salts MnX^ white or j>a)e*pjnk and give 
pink solutions containing the manganous ion, probably hydrated, 
(MntHjO)*] ', also present in the crystal hydrates, which (unlike 
chrofflous and ferrous ions) show's practically no tendency to oxidise to 
higher valency. The hydroxide Mn(OH), is ca«ly oxidised by atmos- 
pheric oxygen to manganic hydroxide : 4Mn(OH)4 + 0| • 4)itnO(OH) + 
2H,0. . 

Manganous salts are formed by dissolving the metal or manganous 
carbonate in acids, but are usually prepared from manganese dioxide. 

Usafsaous chloridt is contained in the residues after the preparation 
of chlorine (p. 201] : 

)klnO, + 4Ha - MnCI, t a, 4 2H,0. 

Since pyrolusite always contains iron tlie solution is }*allo« and contains 
ferric chlorida FaCI» ; this pro vents the crystallisation of the manganous 
chloride. In order to separate tlie iron, one^tentli of the liltared solution 
is evaporated to drive off excess of acid and Is precipitated with sodium 
carbonate. Ferric hydroxide and manganous carbonate are thrown down. 
The precipitate is washed and a<lded to tiie remauuler of tho solution. On 
boiling, the whole of the iron is precipttate<i as ferric hydroxide, manganese 
going into solution as chloride, and the hltererl solution on evaporation 
deposits pink crysUls of MnCI,.4HaO : 

2FeCla + 3:^[nCOt * 3H,0 s 2Fe(OH)» 4 - 3MaC1, + dCO|. 

A hydrate AInC1|,6H{0 is formed at -2* ; at 60* the ordinary form 
of MnCl|,4H,0 passes into a second monoclinic form. At 58 098* 
lHnCl|,2H,0 U obtained, which at 198* gives rose ‘red anliydrous 
^Cl|. This melts at 650* and volatilises at a higher temperature ; 
the vapour density is normal. MnC)^ forms a green solution in ether, 
f t gives a green flame coloration. It combines with 1 , 2 and 6 molecules 
of ammonia. 

MsngsAous fluorids MnF| is a white pow*der, hy'drolysed in solution, 
obtained by heating in COj at 300* tho white precipitate of (NH 4 )MnF, 
thrown down by a large excess of ammonium fluoride solution from a 
solution^ i>f manganous chloride. 
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MdAgAAous bromidt MnIVs ami MnnPs>4H.O, anri mAA^Aaous iodide 
anil Mnl2.4H,0. are similar U* the chloride. 

By heating the carbonate (or any hlglier oxide of manganese) in 
hydrogen, (uinguious osde MnO is obtained as a greyish'green powder. 
If the hydrogen contains a trace of HCl emerald -green crystals of ^^nO 
are formed. Manganous oxide is also formed on heating the oxalate : 
MnC, 04 *Mn 0 +CO 4-COi. If aodium or potassium hydroxide is 
added to a manganous salt solution white maagaaous hydroxide Mn(OH)) 
is precipitated, which in presence of air or oxygen rapidly oxidises to 
brown manganic hydroxide MnO(OH). 

This reaction is used in detarminlng oxygen dissol veil in water ; the preci' 
pitato Is diasolveil in hydrochloric acid, potassium iodide added, and the 
iodine titrated. One ml. of Nf\0 lt-0'0008 gm. of Of 


Manganous hydroxide occurs native os pyroetireVe, Uomorphous with 
brucite Mg (OH),. Ammonia precipitates manganous hydroxide only 
slowly and the solution rapidly depoeita MnO(OH) on exposure to air. In 
presence of ammonium chloride only half tlie mengancse is precipitated : 

2MnCl, + 2KH*OH ahInfOH), + (NH,),hlnCI*. 

The usual method of precipitating the meule Fe, Al, Cr by NH4CI + HH4OH. 
and then precipitating Mn in the Bltrate with is not applicable if 

manganese ks present in largo amounts. 

c*itoii»t« MnCOj U formed as a white or pale buff- 
coloured precipitate on adding sodium bicarbonate to a solution of a 
manganous salt through which carbon dioxide is passed. (The pre- 
cipitate contains manganous hydroxide if sodium carbonate JS used.) 
It is sparingly soluble in water conUining carbon dioxide to form a 
bicarbonate, and when moist readily oxidises in air to brown manganic 
hydroxide MnO(OH) (c/. FeCO,). It occurs as tlic bright-red romera 
rhodoewitt or inangaruu ipar isomori.hous with calcite ; the mineral 
manoano-colcite (Mn.Ca.Mg)CO, U isomorphous with aragonite. Man- 
ganese carbonate is decomposed by heat ; at high temperatures or in 
presence of air a higher oxide of manganese is formed ; 

MnCO,-MnO-tCO, 

3MnO -I- CO, - Mn^O, -t^ CO 
4hInO -1-0, = 2 Mn, 03 - 


aittat. Mn(N0,), is obUined by dissolving manganous 
carbonate in a slight excess of dilute nitric acid or boiling 
!• I 5 * 1 . /iiiiitji nitric acid contaimng oxalic acid or sugar, un 
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cetitrated nitric Acid to form Mn(N0a)2.H«0. and tlicn warming thi»4 
with concentrated nitric acid containing N 20 ^. 

Maogaoous pbosphau Mna(P 04 ) 2 » 7 Ht 0 is formed as a white amorphous 
precipitate on adding excess of sodium phosphate Na^HPO^ to a 
manganous sa!t solution. 

BUogaootu ammftnium pbosphite MnNHiPO^.HjO is formed as a reddish- 
wliite glittering erystalline precipitate by adding ammonium chloride* 
ammonia and sodium phosphate to a manganous salt solution. It can 
be dried and weighed as MnNH4p04 in the determination of mangan- 
ese. On heating to redness it forms the pTrepbosplute Mn2F207. 

Ifsagaaous sulphidt ItInS occurs as tlie mineral ahtxinJiU. It (s formed 
as a grey mass by heating the carbonate with sulphur, or the oxide, 
carbonate or sulphate in hydrogen sulpliide ; or as a light flesii- 
coloured powder by precipitating a manganous salt with ammonia 
and ammonium sulphide. In contact with excess of ammonium sulphide* 
or on heating in hydrogen sulphide at 320 ** it passes into a green 
cr^'stalline form. Manganous sulphide dissolves readily in dilute acids, 
even acetic ; in this w'ay manganese may be separated from sine, the 
sulphide of which is insoluble in aeclic acid. 

Manganous sulphate MnSO^ can be prepared from p>TOlusite by heating 
with concentrated sulphuric acid : 


2 MnO, + 2H,S04 -^MnSO, + 2 HtO + 0 ,. 

The residue is heated to dull redness to deconiposc ferric sulphate : 


evaporated, when pink 

■ 

crystals of the hydrated 


salt MnSOi^SHiO sepa- 80* 


rate, Tlie last traces of 


iron may be removed by sc? 


boiling the solution w ith 

1 X 0 

a little precipitated man* 40* 

X 

\?7 

ganous carbonate. 

1 \^/ 

The solubility curve 20 


(Fig, 383 ) shows several 


hydrates : MnS04,7H,0 0* 

A 

(isomorphous with 


FeS04,7H20) below 0 * ; .*0* 

■ * » ‘ ‘ « 


9 ' 


27* 

MnSO^.SHiO (isomor- 
phouswithCuS04*5H,0); 


u 


20 


30 


40 


SO 


so 70 


G.itnS 04 m JOOg.H^O 

Flo. 33S.~-Mangmnous 8uJphale<wat«r 4>'stero. 

above 27 * (when the solubility is a maximum) M nS n4,H40. The com- 
mon crystalline salt MnS04.4H20 separates as a labile form in a 
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restricted temperature interval about 20^, with a transition temperature 
at 14® between the 7 and 4H,0 forms. On heating at 280® almost white 
aniiydrous MnSO^ (m. pt. 700* » decomp. 850®) is formed. Well* crystal- 
lised double salts are K5Mn(SO4),,0HjO and (NH4)jMn(S04)i,CH,0 
(monoclinic» isomorphous with ferrous ammonium sulphate), and 
Mn A I, (SO 4)4,221140, a pseudo* alum, is the mineral apjoknitt. 

Usfiguous borate MnH4(BO«), b formed as an almost white powder by 
precipitating manganous sulphate or chloride solution with borax and dry- 
ing at 100^. It is used as a drier for linseed oil, paints and varnishes : it 
acts catalytically, probably by the intermediate formation of a higher 
oxide. Manganoxis compounds give an ameth>*st*colo\ired borax bead. 


blAJiOAKic Compounds 

Except the oxide MnA the Urvalent manganese compounds are 
much less suble than the bivalent. They are mostly covalent, and in 
solution cither form complex ions {t.g. MnClj") or tend to hydrolyse to 
a brown precipitate of manganic hydroxide MnO(OH), and are thus 
less stable than the chromic and ferric compounds they otherwise 
resemble. 

Uaagaaie fluoride MnF, is obUin©*l as a purple solid by the action of 
fluorine on manganous iodide, and the hydrate MnF».3H,0 by disaolving 
Mn,0, in hydrofluoric oci<l. Anhydrous MnP, clecomposee on heating into 
manganous fluoride and fluorine ; 2MnF» = 2MnFj F,. 

Muganic cUorid. Ot miDgaaM. Wchloridt MnCl, is probably contained 
in the dark-red or brown solution of manganese dioxide in cold con- 
centrated hydrochloric acid; 2MnO, + HHCI -2>InCl,+4H,0+CI,. 
On warming, chlorine is evolved: 2MnClj-2MnCl8 + CI,. A solid 
containing MnCl, is formed by passing hydrogen chloride into a sus- 
pension of manganese dioxide in carbon tetrachloride. 

Pure MnCI, is obtained by the action of dry hydrogen chloride on 
manganic acetate (see below) ; it is stable below -35* but above this 
temperature it decomposes into manganous chloride anil chlorine. A 
complex salt K,MnCl, is formed by saturating the solution of man- 
ganese dioxide in hydrochloric acid with hydrogen clilonde gas and 

adding solid potaasiuro chloride. , . , 

jtaigamc Olid. Mn,0, occurs as braumtt and liyilratcd MnO(OH) 
( -Mn.Oa.HjO) as The o.xidc is formed as a black 

Lating MnO ^ MnO, to redness in air : 4MnO *0,-2Mn,0,. The 
hydrate MnO(OH) is formed as a dark-bro«-n powder by passing 
chlorine into a suspension of manganous carbonate m water , 

SMnCOj +C1, + H,0 =25InO(OH) -t MnCI, + 3CO,- 

Excess of manganous carbonate is removed by very dilute nitric acid. 



xtT] MANGANIC COMPOUNDS 905 

Manganic onide dissolves in dilute hydrofluoric or hydrocyanic acid and 
is a true manganic compound with the formula Os=Mn — 0 — Mn= 0 . 
When heated with nitric acid the oxide and hydrated oxide decompose 
into manganous nitrate and manganese dioxide : 

2 MnO(OH) +2HNO5 * Mn(NOj)t + MnO, + 2 H, 0 . 

UtA^o*maegaDk ozidt MnjOi (nd oxide of man^nest) occurs aa 
havemannite. It is formed as a bron7\jsh*red powder on strongly 
heating manganese dioxide out of contact with air or at 040 ^ in air : 
3 MnOt Mn,04 + 0 ,. It is probably manganous mangani te MnO .Mn^O, 
or 

When boiled with dilute nitric acid it forms a solution of manganous 
nitrate and a black residue of manganese dioxide : 

Mn ,04 + 4HNO,-2Mn(NO,)t + MnOt + 2HjO- 

Haa^aaic acaUte 5In(C«H)09)» is obtained as a black solid by heating 
crystalline manganoiw nitrate Mn(N0|)|,SH|0 with acetic anhydride. 

Uaofaaie pbospbsu MnPO^.HiO is formed as a greenish 'grey precipitate 
by oxidising a boiling solution of manganous sulphate, acetic acid, and 
phoaphohe acid with potassium permanganate. 

lulpbate Mn2(S04)9 is a dark'green powder obtained by 
heating precipitated manganese dioxide with concentrated sulphuric 
acid at 138 ^, draining on a porous plate, washing with concentrated 
nitric acid and heating at 130 * to expel nitric acid : 

4 MnO, +OH^04 - 2 Mnj(SO*), + 6 H, 0 + 0 ,. 

It forms alums, the red caesium alum CsMn(S04)|,12H20 being most 
stable : they tend to hydrolyse in solution. Manganic sulphate forms 
a violet solution which deposits h(nO(OH) on dilution. 

Qvad&ivalskt MAnoahbsb 

The most familiar compotind of Mn*^ is maafiseM dioxide OsMnsxQ. 
Manganese dioxide occurs native as pyrolueite. It is prepared in the 
pure state by heating about 600 gm. of manganous nitrate until red 
fumes appear, decanting the clear liquid from the residue of lower 
oxides and heating it /or forty to sixty hours at 150 * to ICO*, when a 
hard lustrous black mass is formed : bln(NO})|»MnO)'f 2 NOt. The 
brown precipitates formed when solutions of manganous salts are 
treated with oxidising agents such as potassium permanganate, sodium 
hypocblorite, ammonia and bromine, or ozone, contain less oxygen than 
eonesponds with the formula MnO|. Manganese dioxide is a feebly 
acidic oxide and with strong bases forms penDsasaaitss (often called 
nanganiteSf which arc properly compounds of MuiO,) e.g. CaO,MnO| 
and 0aO,2MDO3, although some are doubtful. A colloidal solution of 
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manganese dioxide is formed by the action of ammonia on boiling 
potassium permanganate solution. 

Besides its use in decolorising glass (p. 899), manganese dioxide 
is used (mixed with ferric oxide) as a dark-brown glass on pottery, 
and as a depoUriser in the Leclanchc cell, when it is reduced to 

MasgABBse tetrachloride MnClt is not known but a complex salt K,MnCi| 
is said to be formed by boiling potassium permanganate with glacial 
acetic acid and saturating tho reddish -brown solution with liydrogen 
chloride. 

Manganese disulphato Mn(SO«)) b a powerful oxidising agent obtained 
aa a brown solution by the electrolytic oxidation of manganoits sulpliate in 
fairly concentrated sulphuric acid. It is hydrolysed by water. 


MaIIO ABATES AND PbRMANOAKATES 
On fusing manganese dioxide with sodium or potassium hydroxide 
in an iron dish with free access to air. a green mass is formed which con. 
tains a manganate. e.g. K^InO*. The reaction U more complete with 
potassium hydroxide and more rapid if potassium or sodium nitrate or 
chlorate is added : 

4KOH + 2MnO, +0, -^KjMnO^ +2HtO.* 

The dark .green mass may be dissolved in a small quantity of cold water 
to form a dark -green solution, from whiclt on evaporation In a vacuum 
dark -green crystals of the roanganates K,Mn04 or Na,Mr»O4,10HjO are 
deposited. These are Isoroorphous with the corresponding sulphates, 
KjSO* and Na^04,10H,0. Sodium manganate is used aa a disin- 
fectant, since it is a powerful oxidising agent. 

Potossium manganste is most easily prepared by boiling 10 gra. of 
potassium permanganate with a solution of 30 gm- of potassium hydroxide 
Si 50 ml, of water to about lialf the volume, adding 26 ml- of water, cooling 
at 0*, and filtering the solid manganate on asbestos : 

4KMnO, + 4KOH * 4K,Mn04 + 2H,0 ♦ 0,. 

If the dark-green solution of the manganate is poured Into a large 
volume of water a purple solution of permanganate and a browm prcci- 
pitate of liydratcd manganese dioxide are formed : 

SKjMnOi + 2HtO » 21Oln04 + 4KOH + MnO,. 

In presence of excess of elksli the reaction does not take place and the 
mang^ate is stable in alkaline solution. The reaction .. ‘v 

the aVali formed is remoeed by adding an ac.d, even carbonic acid y 
DAssinc carbon dioxide into the solution ; 

3K,Mn04 + 2H.0 + 4CO, = 2KMnO, + MnO, + 4KHCO,. 

. It should bo noted that potmongannto io no, formed at this otogo. 
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or the manganate may be converted into permanganate by passing 
clilorine into the solution : 

2 K,Mn 04 +at- 2 KMn 04 + 2Ka. 

Permanganate is also prepared by electrolytic anodic oxidation of the 
manganate solution : 

2K,Mn04 + 2H,0 ^aKMnOi + 2KOH + H,. 

In the laboratory preparation of potassium permanganate a mixture of 
50 cm. of powdered potassium hydroxide and 25 gm. of potassium chlorate 
is fused on one iron 8an<l*b4th covered with a second one. To tlio fused mass 
so gm. of finely -powders I pyrolusito are added gradually, stiiring with an 
iron rod. The heating is cont inuwl until the mass stiffens : it is cooled and 
extracted with 1 litre of water- The liquid is boiled and carbon dioxide 
passed in until a drop of the liquid place«l on filter paper gives a purpio 
colour (no green)- The liquid is allowe<l to settle, fillered through asbestos, 
e\'Sporste<i to 300 ml- ami fiJtcrwl hot through asbesUM. On cooling 
potassium permanganate crystal I Use. A fnrllicr crop is obtaino<l by 
evaporating the mother liquor to 1(M) ml. 

Pobusium permsngsoste forme deep purple- rod brilliant rhombic priams 
which have a green iridescence. It is rather sparingly soluble in water 
(5*31 in 100 at 16®, 32*4 at 75®) to a deep-purple solution which is 
opaque unless quite dilute. Tlie crystals on heating evolve oxygen 
and fall to a black powder of potaasium manganate and manganese 

dioxide : 2KMnO* - KjMnO* ♦ MnO, -k Oj. 

At a red heat the manganate ia decomposed into perraanganite and 
oxygen : aKjMnO,- 2K^InO, +0|. 

Mixtures of potassium permanganate with sulphur and charcoal 
defiagrate when kindled- The formula KAlnO^ (not K}Mn|0|) is found 
from the baweity of permanganic acid as found by Ostwald s rule 
(p- 300). For potassium permanganate A*- 121*7 and Aig,** 132*4, 
hence ^ • 1 . 

BshuiD psnasagsnsu is mads by boiling a solution of potaasium per- 
manganate, barium nitrate, and barium hydroxide. w*a8hing the barium 
manganate BaMnO^ precipiuted with hot water, suspending it in water 
and psasiag in carbon dioxide and superheated steam for some hours ; the 
violet solution of ba rium permanganate formed Is filtered from the barium 
carbonate through asbestos, evaporated and co^Ullised. Sil w pstmangaaate 
AgIilQ 04 piecipiutee from solutions of silver nitrate and potassium 

pennanganate and may be orysUUised from warm water. 

Manganic acid is not known in the free state since manganates when 
acidified do not give manganic add but permanganates. Permanguse add 
HMn 04 is formed in a deep-purple solution by boiling a solution of 
manganous sulphate ot nitrate with lead dioxide and nitric acid, or 
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by oxidising a manganous salt solution with sodium bismuthate and 
nitric acid in the cold : 

2MnS04 +5PbOt +6HNOj »2HRIn04 + SPbSO* + SPbtNO,)* +2HtO 
2Mn(N05)2+6NaBi05 + 16HNOj -SHMnO* +5NaNOj +5Bi(N05)8 

+ 7H*0. 

A pure solution is prepared by adding dilute sulphuric acid to a solution 
of barium pemanganate : 

BatMnO^lj + H,S04 * BaSO* + 2HMn04. 

Permanganic acid solution is a powerful oxidising agent ; it is un- 
stable and decomposes with OTolution of oxygen and deposition of 
manganese dioxide : 

4HMn04 *4MnO, + 2H|0 + SO*. 


When powdere<l potassium permanganate is added in small quantltiw 
at a time to cooled concentrated sulphuric acid, a dark -green solution is 
formed which is Habit to txjAodt vioitniUj in contact ^ylth traces w 
organic matter or even spontaneously, and thould ittvtr bt prt^rid m 
quantity. When ice-cokl water is cautiously added, dark-brown drops 
of msnesaese heptoiide the anhydride of permanganic acid, 

separate : 

2KMn04 -I- 2H^04 - Mn A + 2KHSO4 + nfi. 

Manganese heptoxide, density 2-4, forms a violet va|K)ur at 40^-W , 
but explodes violently on warming or in presence of organic matter. 
With water it forms a violet solution of permanganic acid. 

Reactions of potassium permanganate.— Potassium permanganate is 
a powerful oxidising agent. The action is different in alkaline and acid 
solutions. 

(I) In alkaline tolulim Ihe pennsnganate is first reduced to green 
manganftte. The solution then deposit* brown manganese dioxide and 
becomes colourless ; 

2KMnO, + 2KOH - 2K,MnO. + H.O + O 
iKjMnO, +2H,0 - 2MnO, 4 4KOH 420. 

Hence two molecules of permanganate in alkaline solution give Ihru 
atoms of available oxygen when reduced to manganese dioxide : 

ZKMnO, -K,0.Mn,0, - K,0 4 2MnO, 430. 


Alkaline permanganate oxidises iodides to iodates : 

2KMn04 4 H,0 4 KI - 2MnO, 4 2KOH 4 KIO,. 

A manganous salt is oxidised in nealral solution in present of tine 
sulphate !nd zinc oxide to manganese diox.de (which may form smo 
permanganitc ZnO,2MnO|) ’ 

2KMn04+3MnSO, 4 2H,0 =5MnO, 4 K,SO. 4 2H,S04. 
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Hydrogen sulphide reacts with neulral 1 per cent permanganate : 
SKMnO* + 4H^ * 2MnS + S + K^04 + 4HtO. 

The reaction is really more complicated : 

JOKMnO^ +22H,S*3KtS04 + 10MnS + 2KAO, + 22H,0 +6S. 

At the beginning of the reaction some dithionate is formed. 

(2) In aeid wintioru two molecules of permanganate are reduced to a 
manganous salt and jSte atoms of oxygen become available : 

2KMn04+3HjS04-K^04+2MnS04 + 3H,0 + 50 
or 2KMn04 • K^O.Mn^Or - K,0 + 2>lnO +50. 

In acid solutions iodine is liberated from potassium iodide : 

2KMn04 + lOKI + 8H5S04 **6K^4 + 2MnS04 + 51, + bH,0. 

Ferrous salts are oxidised to ferric salts : 

SKMnO* + !0 FcSO 4 + SH,S04 - KtSO* + 2MnS04 + 5Fe,(S04>, + SH,0. 

Oxalic acid is oxidised to carbon dioxide : 

2KMn04 + SCjHjO* +3H,S04 - K,S04 +2MnS04 + lOCO, + 8H,0. 

(This reaction U slow at first, unless some manganous sulphate is 
added, which acts aa a catalyst). 

Nitrites are oxidised to nitrates : 

2KMn04 + 5KN0, + 3H,S04 -K,S04 +2MnS04 +3H,0 + 5KN0,. 

Sulphur dioxide is oxidised to sulphuric aeid : 

2KMn04 + 5S0, + 2H,0 ^ K,S04 + 2MnS04 + 2H,S04. 

Hydrogen peroxide in odd solution evolves oxygen ; 

2KMn04 + 5HaO, + 3H,S04 « K^SO* + iMnSO* +8H,0 + 50,. 

In n€utral solution tlie reaction is : 

2KMn04 + 3H,0, - 2K0H + 2.\LiO, + 2H,0 +30,. 

The reactions are accelerated b}* tlie presence of manganous salts, which 
act catafytically, 

In presence of free hydrochloric acid, chlorine may be evolved from 
permanganate solution (p. 202). This may bo proven to<l to some extent 
by adding a few grams of manganous sulpliote and titrating in the cold. 
The manganous salt great l.\* increases (he velocity of (he primary reaction 
oxidation of ferrous salt), but no! (liaC of the oxidation of hydro* 
chloric acid. 

Cyanogen compounds.— Potassium e^'ankle gives w*ith solutions of man* 
ganous salts a }*ello\visU*grcy precipitate, sometimes said to be msngsnous 
cyanids Mn(CN)|. soluble m excess of the reagent to a yellow solution of 
potesnum maogaaoeysnide analogous to tl>e ferrocyanlde. which crystallises 
as a decp*bluo solid K4Mn<C*N)«.3HaO. By evaporating this solution in air 
the manganese is oxidised and tlw solution contains potssaummanganicyazude 
K4Mn(CK)4 analogous to tlic ferricyanUlc : 

dMniCN)*"" + 2H,0 + O, =4MnlCK),'" + 40K% 
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This forms large red prisms. The resemblance between manganese and iron 
is apparent and the corresponding salts are isomorphous. 

The Aloinic weight of tosagsaese was<IeterTnlne(l from the ratios MnCIt : 2AgCl 
and MnBrt : 2AgBr. The valency follows from the atomic heat and from 
the isomorphism of manganous and ferrous compounds. 


RuEsruM 


Rhenium, which was 6ret identified by the X*ray spectrum (Noddaek, 
Tecke and Berg. 1925). occiirs in minerals of elements of adjoining groups, 
e.g. in columbite (a tantalum mineral) and in platinum ores, but only in 
very small quantities. It is not found in manganese ores. The chief 
occxjrrence of rheniiun is in some molyb<lenites (MoS,). which may con- 
tain as much as 2 x 10~* gm. of Re per gm. The commercial rhenium is 
prepared from Mansfeld copper residues, being finally purified by pre- 
cipitation as nitron (wirhenate. 

Rhenium forms four oades. RejO?. ReOj. ReOj and Re^Oa. The most 
characteristic is the stable heptonde, a pale->‘el)()w crystolline solid formed 
by burning rhenium in oKj'gen. It begins to sublime at 220*, m.pt. 30 1 ‘5*. 
b pt. 303’. By subliming RSiO, over heate<i rhenium Uie purplish-wl 
solid trioride ReO„ deci>mpoiingat 300% k obtaineil. The black non -volatile 
dioxide is obtained by re<luction of the higher oxides, or in o black hy<lrttled 
form by reducing an acidified |>erfhenate solution. Hydrated RciO, is 
formed by the action of alkali on the trichloride : it liberates hydrogen from 

water. . w * * 

Metallic rhenium, which resembles tungsten or osmium powder but is 
white like platinum in compact form, is easily obtainod by heating potassium 
IwrrUenete, ths oxides or sulpliides. in hj'ilrogon : m, pt. 316? , density 
21-2 • it oxidises only at high temporatures and is substantially unaffecte<l 
by acids except nitric which converts it into |>errhonic acid HBoO,- Its 
electrical resistance is about four times tliat of tungsten. Tlie a^rnic 
weigh t is 1 8 9 - 3 1 » and there are two isobo|>os. 1 85 and 1 87 , with an abundance 


ratio of 1-62 : 1. 

Ehenium hexafluoride. ReF«, m- pi. 25-0 


b. pt- 47-6’. is formed from 


Bheuum neXAnuorwe. rv«i r-. - . — , - * .. 

the elemonta ; it is easily reduced by hydrogen to rhemi^^UAfluonds 
m nt 1 24 * 6 ’. Oxyfluerides are ReOF., m. pt. 39-7 . and RoO,F,. ra. pt. 160 - 
Kh^um p-aucuorii. BeCI.. obulned from U.o clomenw, « a black crj^tal- 
iine ...bsHnee, volatila on heating in ehlonne. It « 
giving black hydralcd RcO„ but ai*«1vc .n a little ^ 

Inhit^n On healing in nitrogen it formn rhenium tnehlo^e BM I„ anci ft 

dia^lvmg the car^ina.^ ^ KKH). (which can be mcl..,! u'l.hout 
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cliengos corresponding with lower valency slat ca. [torljapa o» low oa bivalent, 
but the bivalent compounds liave not been isolotc*!, ainv© tliey are oxidised 
by water. 

A green barium rbeoaU UoRcO, correspomU with an unknown rhcnic acid 
HtRe 04 j brown alkali p«rTbtmt« NajReO, and K,RoO, oro formed by 
fusing RcO, with alkali hy<lroxidca. 

Rhenium fonna sulphiiles Ref^a. anti tekaidet, Re, Sc, and ReSe,. 

The quantUativ'c prccipiintion of Hc,S, by Hr'' a hot aohition in eon* 
eentiatcd hydrochloric acid is a nuMhod of detennination. Tbjopcrrbetxic 
add exists in aolution ami TlReO^S ns a solid. 


Technetiom 

The artiHcial radioactive dement tcclmetiumi At. No. 43« tills the place in 
the periodic table between manganese and rlienitim in the aob*group (n) 
of Croup VII. It is obtained in llte form of several isotopes in various 
ways. t.g. by bombarding n>o1>*bdcnum with dcuterona (rerrier ond Scgr6, 
1937): 

^io.fD=^rc.‘«. 

The element lias most of tltc pmpertica of rhcnhim. except that it does 
not volatilise on heating in sulphuric acid sohiiion in a enrrent of hydrogen 
ehlorUle gas. Tire suljdiide Te,8, (which has a formula resembling that of 
Re,S,) is dark brou*n. I1ie ion TcO,' U pink. The metal is l8omon>hous 
witli rlMiuum. rutliexuuiD, and osoaium. 

Astatine 

Element No. 65 in sub*group (6) of Group VTI as an arlincial ra4lioocti>‘6 
element called astatine. It Is formed by bombanling bismuth with helium 
ions : 

^^Di 2^. 

It behaves as a halogen, existing as the free element in solution, from which 
it is extracted (like iodine) by benxene. Tho element in solution is reduced 
by sulphur dioxide and is oxiclised b>* bromine. Astatine is more electro* 
positive than the lialogens and is precipitated along with mercurj* ond 
bismuth by hydrogen sulpliide. 


CHAPTER XLVI 
GROUP VIII METALS : IRON 


Group VIII comprises the inert goMs with completed 8-electron outer 
shells, and the three triads of Mendel^ff's transidojial eUminte : 


Group Vm a 
Kkrtron 



At. 

moBsumllea 

IkBsiiy 

At. VoL 

U. Pt. B. Ft. 

/Iron 

• 26 

2*8d42 

7-86 

7-1 

1539^ 2460^ 

i Cobalt 

. 27 

2*815*2 

8-8 

6-7 

1495^ 2900° 

(Nickel • 

. 28 

2 8- 16-2 

8*8 

6-7 

1456° 2900° 

^Ruthenium 

• 44 

2*8d6)50 

12-26 

9-6 

2450° >2700“ 

} Rhodium 

• 45 

2'6d8d6d 

124 

9-8 

1970“ >2500“ 

(Palladium 

• 46 

2$\S\20 

11'2 

8-96 

1553“ 2200“ 

[* Osmium • 

. 70 

2'8d832d4*2 

22 48 

a-5 

2760“ >5300“ 

} Iridium • 

. 77 

2*8d83M0*2 

22-42 

8-6 

2440“ >4800“ 

(platinum 

• 78 

2-818-32171 

21-4 

81 

1769“ 4300“ 


The atomic weights in these triads are n»ore nearly alike than in other 
parts of the periodic table. These are really central triads in periods of 
transitional elements in the wider sense (p. 370), there being a gradation 
of properties along each period, as Mendel^ctf already pointed out : 


Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 


The resemblance between Fe, Co, Ni and the platinum metals from Eu 
to Pt is not eery close, and is seen mainly in the marked tendency to 
form complex compounds, which nickel shows In a much smaller 
degree; 

K,lFe(CN),l K,(Co(NO,)»l K,[PtCl 4 ) Na,[08CI,].2H,0. 

There are some resemblances in the vertical groups Fe, Ru, Os ; Co, Rhi 
In end Ni, Pd, Pt, but on the whole this is mtich less im|K)rtant than m 
other groups of the periodic sj'stem. 

The platinum meUls in thoir generally “ noblo '' character, tendency to 
complex formation, and high densities show anslogies with goW. Th^ 
are all paramagnetic, pallsdium in the higheet degree ; Fs. Co and Ni are 
fflrromaffnetic. All the metals ha\*e high m.pts. 

As trSitional elements, the metals of Group Villa show a laige number 
of valencies, the valenc>* suddenly dropping to icro with the inert gases of 
Group VIII6. The valencies are : 



CHX» xlm] IKON 


Fe 

1,2. 3. 4, 6 

nu 

1, 2. 3. 4. 5. 5. 7, 8 

Os 

2, 3, 4. 

5, 8.8 

Co 

1. 2. 3, 4 

Hh 

1, S. 3, 4. b 

Ir 

1.2* 3. 

4. r>, 8 

Ni 

1, 2, 3, 4 

Pd 

1.2. 3.4 

Pt 

1. 2. 3, 

4, G 


Ih© prednminntina vAlcm*l©ft being in heavy f.\*pe. The appearance of the 
maxlmuni volenc)* of R It lie typieal vaUwy of the fff«)np) in the ease of 
ruthenium anci osmium is noteworthy, an is the ter\*aleney of ri then i urn 
an<i rhodium atul (hv bivnloney nf ]wlhu|tum, in the eotnmon compounds. 
Quadrivalent imn exists in a complex comjioiiml with (iimethylaTsme. 
AsH(CHa)| =di, which haa the formula (bV'VltdijJ.tFe^^CI,],. 

Iron, cobalt and nickel oxidise on heating in air and decompose steam 
at a high tem|}erature, nickel much less readily titan iron and cobalt. 
The monoxides arc quite strong bases* the sesquioxides are 

much less basic and are amphoteric ; the corresponding salts arc atablc 
only in the case of iron* Fe^O^ forming /errifes such as Na^FciO^. The 
oxides M,0, are of the type or i.e. spinels 

(p. 811). Iron forms /erratea derived from an unknown acidic triox idc 
Fe^O) whicli resemble chromates and nianganatcs ; K^FeOi, K^CrO^, 
Ki^lnO^. The metals iron, chromium and manganese aro similar in 
physical properties. 

Tlie order of the elements iron, cobalt* an<l nickel in the Ant transition 
period is in the reverse of eliat of the atomic weights in the com of cobalt 
and nickel (p. 360), but agreet with many chemical pro|>ertiee. Cobalt 
resocnblas iron,and nickel copper, which foUcaa it in the long period (p. d]3K 
The ease of reduction of tlie oxides increases in the order Pe. Co, Ni and Cu. 
and hence the action of the heated metals in decomposing steam follows the 
reverse order* nickel and copper reacting only at very high tempera turea. 
Nickel tends to form stable compo\mde in whicli it is bivalertt, and so re* 
semblea copper and palla<lium (vertically below* it in tlio Periodic Table) ; 
whilst iron, cobalt* ruthoniwm and rhodium show* a tendency to form com* 
pounds in wlilch tliey are ter valent (cobalt in tlio very stable cobaltammines* 
etc.* but not in the s i m pie salts ). Tl>e tendency to form complex compounds 
in which they ere tervalent is strong with iron ami cobalt, but almost 
lacking with mokel (seep. 4*^0). 

Iron, cobalt, nickel, ruthenium, iridium and osmium form covalent 
ccrbonyls with carbon monoxide (p. OdO). These compounds bear no 
relation to tlie normal valencies of tlie metals and are chieAy but not 
always formed by donation of clectnms from tho carbon monoxide 

molecules: Me^-C^-O. 

Iron 

Bistorp. — Metallic iron wee known in prc'd^-nostic Eg.N'pt (before 3400 
B.c.) but was exceedingly scarce luid used only aa beads for jewellery 
(Flinders Petrie). It may have been obtained from meteoric iron since it 
contains nickel. Iron of this early period is adso known for Mesopotamia, 
some possibly terreatrial. The metal came into general use in Egypt only 
much later (about 1500 a.c.) The use of iron seems to have spread from 
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the Hittitps in Asia Mijxnr. It waa mxjch used by the Assyrians about 600 
b.(\ In the ^lyeotjacnix (|>rc*<’la»»icul (iroek) f>ericHl desc'ribwl by Homer, 
iron w'rtJv still a ran* metal — jx lump of iron is the prize gi>'en to Achilles 
{/iuiti, xxiii, 834)* — but the Greeks brought «lih them the use of iron. The 
Ktriisoajis tvurkoU the mines of Elba, later iak<^ over by the Romans 
whoolso worked the mines of Spain and Xoricum. Iron was known in India 
from 900 b.c. or earlier, in China from about oOO s.c. (cast iron from about 
A.D.200}. 


Occurrence. — Iron cloos not occur to any great extent in the free state 
on the earth, although meteorites, which sometimes consist of metallic 
iron witi) from 3 to 30 per cent of nickel and some occluded hydrogen, 
indicate that it must bo present in the solar system. 


Meteorites may also consist partly or prLncii>al]y of silicates (e.^. olivine) 
and of glossy minerals (moldavite). alUwugli grains of metallic iron are 
usually present oven in stony varieties. On account of the presence of 
nickel, meteoric iron <loes not easily rust In moist air. Cobalt, graphite 
(sometirne:^ smalt diamomls), ferrous sulphide, tchrtibtrgiu (Fe,Ni,Co)»P 
An<i ccHcniu (Fe.Co,Ni))C. not knoam to exist on the earth, also occur in 
meteorites. Meteoric dust consisting chiefly of iron is constantly falling on 
tho onrth from s|>ace. although iu presence is noticed only on the surface of 
the otherwise unsullied snoua of the |K>lsr regions. 

I/Srgo mosses of native iron, which may be meteoric or have been forTDe<l 
by tho reduction of ores in burning coahmines, occur in Disko Island, 
West Green land, anrl grains of iron in basalt rocks at C:iant's Caxisoway and 
elsewhere. The inner core of tho earth has been supj>osed to be largely 
metallic iron. Iron compoun<ls occur in the soil, in green plonU, and m 
haemoglobin (0 336 percent Ft) the red colouring matter of bleed. 


Iron ores are plentiful but few in number, although iron occurs in 
nearly every mineral. Tlie most Important ores a re the ox Ides. Ferroso. 
ferric oxide FcjO^ occurs as the imi)ortont ore magneiiu (so-called 
because certain varieties, lodestonc, are permanently magnetic) : tins 
is not found to any extent in the BritUli Isles but occurs in Upland. 
Sweden Siberia (Urals), Germany, India (Madras) and North Amonoa. 
It contains 72-4 per cent of iron and is the richest ore. Feme oxjdo 
Fc 0, occurs as haematite, sometimes erystalhno and red, or it bmcK 
irivinff a red streak on unglazcd porcelain. It also occurs m earthy, 
cranular and nodular forms, and is found in England in the lurncss 
district in Lancashire and near Whitehaven, in Ikdgium, \\i 2 lplialift, 
Sweden, the Island of Elba, south of Lake Su|>crior and near 
(Missouri) Hydrated ferric oxUlc, hwamte, occurs in kKlricy-shnjK*<l 
mLires in South Wales, the Forest of Ui-an, France. Oornmny, Hilbno 
in Spain and Canada- The hog iron oree arc hydrntwJ feme oxides, and 
occi in large quantities in Ire-hmcl. Swe<icn, and .Wlh Oerman.t. 
The only remaining important ore is ferrous carlionatc FeCO,, occurrmg 
alone J»ideriU. chlli/biU, or^polkk iro» on in Ihe 

Ar mived with cUy as cta»-ironMone, or w ith clay and cod as Otafiimnil 
iroJ^one The h^ra(c<l oxi-lc «n<l Ihe impure forms of ‘he carbonate 
tt most im^rtant British o«:s. Pmtes einaers. ch.elly ferr.o 
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oTidc from the manufacture of sulphuric Ackl arc dcsnli)huriscd by 
roastinc and amcltcxl for iron. Tfjc value of an •*re of iron <lcpon<h on 
ita freedom from impurities (S, P, As. etc.), which are detrimental to the 
resulting metal. 

The metallurgy of iron.— The extraction of iron from the ores inrolves 
a number of processes. 

(1) Preliminary roialific or calcination is carried out hy stacking the ore 
with a bttle coal in heaps or shallow kilns or shaft- furnaces, and regu- 
latine the temperature and supply of air so that most of the moisture, 
carbon dioxide, sulphur and arsenic ore ex|>ell«l : ferrous oxide (FeO) is 
also converted into ferric oxide (PcjOj) to avoid the )»roduetion of fer- 
rous silicate in the slag during smelling. The ore is also rendered more 
porous. Powdery ore is agglomerated by sinlering or briquetting. 

(2) Smelting or reducing the ore with carbon In the blast -furnace. 

The blast -furnace (introduced in a simple form about 1500) consisw 

(Fig. 380) of an outer slicll of steel plates, lined with refractory bricks. 
It fs 50 to 100 ft. high, the grealest width being u|> to 24 ft. at the 
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Fio. 386.— BUM-furtiace and Cowpor slovee. 

'' boshes ” Hie mouth is closed with a cup-and-eone through which 
the charge of ore, limestone and fuel is fed intermittently by lowering 
the cone. (In large modem furnaces a double cup-and-cone is used, 
which prevents the escape of gas on opening the lower cone.) The gas 
passes away through a pipe to a dti4t ca(cAtr and utisAcr and is utilised 
by burning in the Cowper stoves (see below) for heating the atr-blast. 
The furnace below the boshes narrows gradually to a hearth at the base, 
pierced with holes for a number of water-jacketed iron blowing^pipea 
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or tuyeres, through which air is forceU from an annular pipe hy powerful 
blowing engines. The hearth U also pierced with a hole stopped witli 
clay from wliich the molten iron is periodically tapped into sand moulds 
on the ground, and a elay^notch at a higher level through winch the 
molten slag runs continuously from above the fused metal. About 3 
to 5 tons of air are passed through tlie furnace per ton of iron made, the 
power for working the blowing^engines being supplied by coke-oven gas 
obtained in producing the coke for the blast furnace. Coal is used in 
Scotch furnaces but elsewliere hard oven'Coke or sometimes charcoal is 
employed. The use of coke was introduced in 1700 by Darby at 
Coalbrookdale in Shropshire. 

The cliargc for the blast -furnace con.sists of I ton of coke, 8 to 12 cwt. 
of UrocstoTie to form the slag (consisting of calcium and aluminium 
silicates) and so much ore (say 2 i tons) as produces 1 ton of iron. The 
process is continuous an<l goes on day and night without interruption. 
Each furnace may produce 300 tons of iron daily. 

The air for tlie blast U pre- heated to 700* to 800^ by passing through 
Cowp«r Stoves consisting of tall iron cylinders lined with hre bricks, packed 
with chequer brickwork with a circular gas Hue on one side. Fart of 
tlie gas from the blast-furnace together with sufficient air to burn it 
passes through until the bricks are red-hot. The products of combus- 
tion escape to a ciiimney (not shown). The gas is then turned through 
a second stove, and thc’air blast to the tuyere.s is sent through the first 
one until the brickwork has cooled. The two stoves are thus alternately 
used as alworlwrs and emitters of heat, or as heal- regenerators, This 
cconomi.^ea fuel and the blasl-furnacc works at a higher temperature. 

Tlie blaHt- furnace g»s consista of nitrogen and carbon motjoxida with 
some carbon dioxklo ; the normal vohuno c<»mpo»ition is N, CO, CO 24. 
CO, 12, H, en<l CH, 4- It is rouslly uaeil in heating tho stoves, although 
in some works it is portly used to raise steam for the blowing- engines or 
os fuel for gas onginos. 

In some cases a dry Uaei is uswh air being first dried by pofrigeralmri 
or by a<l«orbing m«ist\ire in sili<*o goh In tliis way loss of liaat by tho re- 
oction s C -t* CO -► H, in the blast furnace is provonlod. 


Chemical rsaettons in the blast-furnace .—Tlie oxygen of the blast 
unites with carbon at a very high tem|»cmlurc in the hearth to produce 
largely carbon monoxide, which fiscs througli tlie furnace : 

2C + 0,-2C0. 

The temperature of the charge |ias««ing tlown the furnace increases 

continually from the mouth to tho hearth. 

Above the boshes at s .iull.re<l heat the feme oxide is reduced h) 

carbon monoxide to spongy iron : 

Fe,0, + SCO ^ 2Fc + SCO,. 

The reaction is reversible and the escaping gas contains both CO wid 
COg in the ratio I : O^rj. In this upper zone the limestone w decomposed . 

CaCOas^CaO + COj, 
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mid Mtne carbon dioxide is ri*duccd to moiKJxkIc: rOs + C^2CO. 
The apongy iron absorbs sutpJiur fn>ni tlic fuel. 

Near the centre of tlie furnace, at a bri^bt r(*«l heat, finely-divided 
carbon is deposited by the reaction : 200 9^002*^0. This and the 
carbon of the charge complete the reduction : 

Pc20, + 3C-2Fe+3C0. 


Phosphorus is produced by reduction of pliospliatcs in the ore : 


Ca,(PO^), + 3SiOt + r>C - 3CaSiO, -i- 2P + 500. 

and the phosphorus is absorbed by the iron. At a hiylicr temperature 
some silicon is formed by the reduction of silica by carbon in presence 
of iron, and alloys witli the iron : 

SiOj + C{ + Fe) - 2C0 +SI( + Fe). 

The silica and lime now form a fusible slag which usually contains 
some calcium sulphide. MangarK^sc is also formed by reduction of 
manganese compounds in the ore, e.$. Mn^Og +3C^2Mn +>300. 

At a w hite heat in the low*est part of the furnace tlie spongy Iron 
containing carbon, silicon, manganese, sulphur and pliosphorus fuses to 
molten cast iron which is tapped off from time to time into sand moulds 
to form pig iron, or is sent in the fused state to the steel furnaces. 


Three varieties of commercial iron arc: (1) cast ina or pig iron; 
(2) maUeatls iron or WTOUght iron : (3) steel The order in which they are 
prepared from the ore is roughly as follow's: 


Ore Pig iron 


^Wrought iron— ♦ Crucible steel. 


\ 


Bessemer, or Open-hearth, steel. 


Cast iron. — Pig iren contains 2*2 to 4*5 per cent of carbon, with 
silicon, manganese, sulphur and phosphorus. Wlien the cooling is 
mpid, the sibcon content small and the manganese high, trhiU pi^ iron 
is formed in which all the carbon is In the form of iron carbide Fe^C 
{umtniiU) ; it is brittle and coarsely cr>*staliine, and dissolves nearly 
completely in dilute hydrochloric acid evolving a mixture of hydrogen 
and hydrocarbons. I?, however, the molten Iron containing at least 
2*5 per cent of silicon is slowly cooled most of the carbon separates in the 
form of fine laminae of graphite, the iron at the same time becoming 
softer and of a finer texture ; on solution in hydrochloric acid it evolves 
chiefiy hydrogen and leaves a black residue of graphite. This variety 
of cast iron is known as grey pig iron. An intermediate variety is called 
fnoiiled pig iron. Tlic solubility of carbon in ]>urc iron is 4*25 per cent, 
but much more is dissolved if manganese is present. 


Malleable or wrought iron. — This U nearly pure iron containing only 
^m 0*12 to 0*25 per cent of carbon, and melts at a higher temperature 
(1400*-1600*) than cast iron. Malleable iron contains less than 0*5 
per cent of total impurities (carbon, sulphur, phosphorus and silicon). 


Malleable iron is obtained from rest iron by the puddliag process in- 
^*ented by Henry Cort of Lancaster in 1734. The cast Iron is fused in a 
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rovdrboratory fiiniai'o {p. 7J0) the henrth of whi<'h U iUwd with haomatite 
whicli oxuliwa tho ctirlx.ii : 3C + Fo.()»= 2Fo + 3CX), the carbon morioxida 
bubbling through the molten iron. Sulphur, phosphorus anti silicon are 
oxidised and pass into tlie slag. Wlion the metal becomes pasty it is 
formed into lunxjw or " blooms ” which are beaten xinder steam liammeis 
to squeeze out the slag. Tl»e iron althougli not fused utUs together to a 
coherent mass at a bright reddieat. 

Malleable iron is tough and fibrous ; its property of nelding, whereby 
two pieces when heated to redness unite on hammering, is exceedingly 
valuftbl c and is ap])l led in various n ay s by t he blacksm i t h . Its softness 
is not appreciably altered by heating to redness and quenching in water, 
whereas steel then becomes very hard. Wrought iron has now largely 
been replaced by mild steel. 

Wrought iron containing combined phosphorus is brittle at the ordi- 
nary temiKTature and is said to be cold-short ; combined sulphur, 
probably FeS, renders the metal brittle at a rod heat, when it is knot^ii 
as red-short. 

If coat iron is cast in a metal mould so as to cause rapid cooling tlia 
comentite may be decomposed b)* Waling tho casting, embedded in haema- 
tite, for several days. The comhiiie<l carbon In (ho surface is oxi<lised and 
that from the interior diffuses out to replace it. Finally the carbon content 
is reduced to that of steel, end a malUable castinff is produced. Sometimes 
the cementito in the interior is causc<l to <lecomposa wdth separation of fine 
graphite and the iron becomes soft. Tlie result is a *' black-hoart casting 
white outside with a black eoro. 

Steal. — This Is iron which has been fused in the process of manu- 
facture and contains from 0*15 (very soft steel) to 1*5 per cent or more 
(very hard steel) of carbon, part at least combined with iron or in solid 
solution. It also contains small amounts of other elements but the 
impurities of tho cast iron, viz, silicon, phosphorus, sulpliur and man- 
ganese, have mostly been removed. 

Analyses of cast iron and tW steel niade from it Illustrate tints : 


Po 

C 

Si 

P 

Mn 

S 

93*2 

10 

1*4 

25 

1*8 

0*1 

993 

0*18 

0*004 

002 

0*4 

0 0424 


Cast iron 
.Sloel 

Steel also differs from iron in acquiring a tenqwr '* by fjcating and 
quenching ; it becomes soft w'hcn heated and slou ly cooled. 

Steel may be made (I) from pure uTought iron by increasing the 
amount of combined carbon, (2) from cast iron by removing part of tlio 
carbon and taking out the impurities. In modern processes the second 
method is used and the main processes arc : 

(1) Tb« Bessemrr process (Henry Bessemer, 1855). 

(2) The SiemeaS'Uartia or opea-bearth process (1854). 

Wljon wrought iron ia made from pur© oxido ores by re<hiclion with 
charcoal it is converted into steel by tho etpnenMiM prorw. Bars of 
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u'TOUght iron suiTr>iin<to<J wiUi «’lNir''<uil lire r<*r Mtto or iun wook». 

Absorption of corbon utours, tlio mriNiiliHAHf'n s| »»•:)< nlowly tbr<Mi|4h 
tlio ma&s and coiis’orting (ho itun into ri(4*<*l. '|‘|io ^tnrfaco of tlio hoot m 
oovored with b!ist«K, ond (he blistor stoij ix hixi'd hi |ihirnboKo cniciblcg 
to form ca4i ticel or erNciUe *11 in (•rixt'sx Iiin 1m.h*u xii|>on40<lo<l by ilio 

electric furnace for lngh*quali(y atcoh fi*r (lotk. etc. 


Ait 
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The Bessemer process. — In this, motton pig iron from the blast* 
furnace is run into a ccncerler (Fig. 3H7). a large i>car*slia|)cd iron Toa.«cl 
lilted with refractory silica bri<’ks. Tlio 
converter holds 10 tons of metal and is 
supported on trunnions, cold air being 
forced by a pific to a hc>])ow |>orfonitctl 
bottom from which it bubbles through 
the molten metal. The charging is car* 
ried out through the Oficn mouth Uith 
the converter hori/orital, and hlowing is 
begun, The converter is then swung 
into a vertical po?sitiuii and blowing 
continued. 

Silicon and manganese are first oxi- 
dised (producing most of the heat) and 
pass into the slag, and then part of the 
iron is oxidised. The resulting ferric oxide remox'ca the earlion, forming 
carbon monoxide whicli is now freely evolved ntid burns at the mouth 
of tho converter as an orange*yellow flame edged with blue and shot 
through by showers of sjiarks. After six to eight minutes the Hamc 
links, indicating that all the carls m has been removed. TJic converter 
i* again tilted, the bhi»t is8top{ic<l. niid the requisite amount of spiegel 
added. iSpUfjeUistn is iron eontaining mangnnesc* and carbon. Tho 
converter is blown again for a Uiort lime to mix (lie charge, when tho 
manganoao reduces any ferrous oxiile and the carbon unites with tho 
iron to form steel. This process of carburising the iron was introduced 
by Mushet in 1856. 

By tilting the coiivertiT, the molten steel is i>oure<l from it into ladles 
supported by travelling cranes, from which it is fioiired into moulds. A 
little aluminium, si (icon* iron alloy (sif/eou-spiegef), or titanium -iron 
alloy, may be added to prevent blow*boles in the eastings due to 
bubbles of gas (nitrogen, carbon monoxide) which will combine or 
>^ct with the aluminium, silicon or titanium. According to the per* 
eentage of carbon added, various kiiuls of steel are produced r tool sUel 
(0'9to 1«5 percent C), itruciural sttel (0 2 to U O |»cf cent C) and »n7d 
iUd (0*2 per cent or less C)* 

Ores of iron containing phosphates give *' cold* short" iron, Such 
* phosphatic ores " are worked by the Tbomas sad GUcbrvt process 
(1879), in which the silica {" acidic '*) lining of the converter is replaced 
by a " basic " lining of magnesia and lime prepared by calcining dolo* 
Q^ite. Limestone is first charged into the converter along with coke and 
the blast is turned on. Molten pig iron is run in and the blast continued. 
SUIcoD and manganese burn out first and then the phosphorus (pro- 
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ducing most of the hcAt) anti carbon are oxidised simultaneously. 
When the carbon is burnt out tlie flame cirops but the blast is prolonged 
to burn out the remaining phosphorus. The phosphorus pentoxide 
combines with the lime from the limestone added {net the converter 
lining) to form a slag. Spiegcleisen is added in the ladle (not in tlie 
converter). The slag (“ basic slag ”) contains calcium phosphate and 
is used as a fertiliser. 

The steel pigs produced by casting are annealed in underground 
furnaces soaking pits ") heated by blast-furnace gas, and are then 
passed til rough tlie rolling mills for the production of steel bars. 

The open-hearth process. — This was suggested by Reaumur in France 
in 1722 and by Jolm Payne in 1728 but was first xiicccssfully worked in 
1864 by the brothers Martin in France, who used the regenerative 
iieating jirocess of Sir William Siemens. It is carried out on a large Bat 
hearth enclosed in a furnace (Fig. 38S) heated by producer gas. Tlie air 



and gas are supplio<l through se|«ratc regenerators of chequer brickwork 
U8<*r! in pairs and traversed alternately by the hot products of com- 
bustion and the gas and air. as In the Cowper stoves. Tlie hearth is 
lined with silica in the ** acid piticess or with calcined magnesite or 
dolomite in the “ basic ” process. The charge consists of pig iron (part 
of which may be run in liquid from the blast-furnace), steel scrap and 
haematite, with limestone in the basic process. By the action of the 
haematite part of the carbon is burnt out of the cast iron and fluid steel 
remains. The subsequent operations arc the same as in the Iksscmer 
process The furnace mav be made to tilt and du^cliarge a portion of its 
[‘ontents into a ladle, The operation lasts 8 to 10 hours ; it is mow 
easily controlled than the Bessemer process and is very largely used in 
Great Britain, although the Bessemer |>poccs3 holds its own cisewhew. 

The onen-hcarth process list's a large quantity of fuel for heating (the 
thermal efficiency is alwut 20 per cent), and requires steel scrap equal 
to about half the wciglil of the finished steel. 

A very pure {Armco) iron conUining less than 01 per cent of 
impurity is made by a modification of the open-liearth process. It « 

almost rustless. 
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Qeetric fafOACti are used in the production of A{iocial I ii|{h •quality ateeln. 
They are meetly on tite arc principle and consist of refractory* rriicibice 
contain ing two (or more) large vertical carbon elect ro<lcs between which an 
electric arc is atnick. Such fnmocoe are more es|>cciully used fur the pro* 
duction of fflhy steels, containing nickel, chromium, vono4lium and 
molybdenuiD. 


The properties of sUel. — The pro|M>rtics of stocl depend largely on the 
content of carbon and the heat -treatment : low-carbon atcols arc soft 
like >MOugUt iron and arc known as miU afrrf ; with more carbon tfie 
ductility falla, wliilst the tensile strength increases tip to the limiting 
percentage of 1*5 of carbon. Wrought iron and stocl arc malleable and 
may be welded . Tiie melt i ng point of steel is hvrvr t ban t ha t of t>TOUg lit 
iron, 

The properties of steel depend on the hful-lr^tment to which the 
metal has been subjected. If steel is heated to redness and quenched in 
cold water it becomes as hard and briltle ns glass. If it is nou* lieated to 
various temperatures the resulting mclal possesses pru^iertics depending 
on the temperature. This operation is known as Umpenn{f, and the 
temperature is judged by tfic cdour of tlic thin film of oxide produced 
on a bright surface of the metal. 

$30^ : Jight-straw ctilonr : used for razor blades. 

255^ : bro>^*nii«h -yellow : mwl for penknives and axes. 

277* : purple : used for cutlery. 

2$8* : bright* blue ; used for watch-springs and swords. 

200*-3IO* : dsHt-blue : usc<l for chisols an<l large saws. 

Wrought iron is cese.Aorrfeasef by heating in contact with carbon or potas- 
sium ferrocyanide, otc.. wlten a surface* layer of steel is formed. Armour 
ploU is made by caao- hardening a sl>oet of soft steel on one sUle and spraying 
with cold water when itKJ.hot. Nickel-chromium steels form very* tough 
armour plate and after heat* treatment oro used for projeclilos. A very hard 
surface, used for cylinder boro«, etc., is funnod by niiridiTty, i.t. heating steel 
containing about 1 per cent of aluminium at 450*^500* in an atmosphero of 
ammonia. Iron nitrides (Fe,N. ete.| are formed in tho interstleos of the 
iron crystals and prevent gliding of the latter under stress. 

Alloitopic forms of iron. — Three allotropic forms of pure iron are 
recognised. 

(i) a-iroa (or o^ferriU), stable below soft, magnetic, able to dissolve 

only a little carbon, cry'stallising in a body-centred cubic lattice 
(p. 390} ; the chief conatittient of pure wrought iron. 

(ii) y-iron (or y-/emVs). stable from 912* to 1400*. non-magnotic, dis- 

solving carbon to form a solid solution, crystal lUing in a face- 
centred cubic lattice. 

(lU) 8-iron (or 8-y<rri(e), stable above 1400*. does not dissolve carbon, 
crystallising in a body-contred cubic lattice and perJiaps the same 
as a-iron. 

The phase changes are : 

OIS* 1400* 

«.Fe v* y-Fe ^ 8*Fe. 
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Iron loses its rerro*ms^etism at about 760* but this ia not due to an 
allotpopic change into a j6-iron as was once thought. When ct-iron changes 
into y*iron the length of the lattice cube side increases, but as there are more 
iron atoms in the y-iron cube tlie net result is actually a contraction. 

The iron -carbon system, — Wlien steel containing carbon and also nickel 
nr manganese is heated an<l <ju(Nichetl it forms a homogeneous non*magnetic 
solid solution of carbon in y*iron calletl austenite, with a structure of rele* 
lively soft targe crystals. Nickel or manganese retanls the conversion of 
y* into a iron which would otlierwise occur below 912* an<l u'oxild form a 
heterogeneous mixture of soft a-iron and hard grains of iron carbide or 
cemestite, Fe^C. 

Cementite forms rhombic cr>*stals, insoluble in clilute acids, so that it can 
be isolated from steel by the action of dilute suljthuric acid and potassium 
dichromate. A carbon steel not stabilise*! by manganene or nickel forms 
on heating and quencOiing a vory har«l steel with a need lediko structure nn<i 
tetragonal lattice, called martensite, which Is a primary metastable stage 
in the breaking down of austenite into «dron and cementito. The formation 
of martonxite is co-ostensive with hartlnesa in the steel. 

Lees rapid cooling of iron containing only a little carbon forms a mixture 
of crystals of adroit ami pearUie, a Hnely tamutaie<l eutectoid structure (see 
below) of alternate la>*or8 of a -iron an<l cementite. with an average carbon 
content of 0 9 per cent ancl formed at 

Hnrvt martensitic steel is formed only on cooling faster than a critical 
hardening Hpe«<l, which is very high for carbon steels but much smaller for 
alloy steels, which can sometimes be har<lenod oven by aif'Cooling. If the 
steel is cooled rapidly but below tlie critical hanloning speeil it funns 
trooidte, another transitional material from the breakdown of austenite 
into pearlite, but fonno<l at a much higlier tcmf>erAture than martensite. 
It is furmotl on cooling heate*! carbon steels in oil and is about half as hard 
as martensite, from which it can also be formed. 

Another transitionol stage in tJio leas rapid cooling of o steel containing 
manganese ia eerbiU, which has a very finely larniimto*! poorlite structure 
with greot tenacity and dxictility j it is beet pnxlucod by first hanloning 
an<l then tempering at about 050*. 

The structure of a Imnlcne*! an<l fully temi>cre<l steel conaiste of small 
spherical particles of the very hanl cementite Fe,C uniformly distribute*! in 
a soft ferrito (iron) matrix ; it is often called true eorMe and has groat 
tenacity and ductility. 

Acoonling to the carbon content, pearlite or mixtures of paarhte witn 
cementite or with «dron (ferrite) may bo forme*!- \Mien very slowly eoole<! 
the cementite breaka ilown into soft a-iroii and acoles of grapluto : 

..Martenailov /rearlito 4 Comontite (00-9 per cent) 

Austeiute/' i ){Sorbito->rcarhte (0 9 |>er cent 0) 

^ Troostite \Fcerhto + «*ip»»n <C<0 9 per cent) 


In Fig- 369» A is the m-pt. of ptiro inai (S ironl. This is loworcl hy 
the oresonce ofdlssolvo*! corbon along t hoi kpikluscun-o .IR. asoUd aohiti<|n 
of carbon in S-ir..n soparatinc. Crtw c..n-ca eorrospomimg 
Bdution phB»e« are callcl liqmdui curva. coirwponclina witU 6. Ud 

solution phases in e<|uilibri.ud with tt.e liquids are calle.1 toluiut cur, -a). 
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At R a transition occurs, and along QC cuittnite, a solid solution of carbon 
in ydron, seporaUe. The transition point of 3- iron into y-iron is shown on 
the vertical axis at HOC*. DE m theaolUius curv'o for austenite, and repre- 
sents the lowering of m.pt. due to the solution of carbon in solid iron. C 


is a eutectic point <1125^) 
at which the mass solidifies 
to a mixtxire of austenite 
andcementite(Fe,C). Tlie 
curves show that molten 
iron containing less than 
1 9 per cent of carbon may 
solidify entirely to aus- 
tenite. whilst liquids con- 
taining more tJian 4*3 per 
cent of carbon deposit 
cementite. Of/ is the solu- 
bility curve of cementite. 

When the solid iron cools 
further, the solubility of 
carbon in y-iron <lecroases. 
and cementite doposiu 



from the solid- The per- p,^ 359 ^ — iron carbon system, 

centage of carbon in solu- 
tion in the austenite decreases along £F, tlie point F correeponding 
with 0*37 per cent of carbon. At 912* the y-iron changes to at- iron, which 
does not form a solid solution with carbon. The carbon dissolved in y-iron 
depreasea the transition point of y-iron into a-iron along OF, F being called 
aeu^seteid pci/U where the remaining nuslenite is converted into a mechani- 
cal mixture (ev^cctctd) of a- iron an<l cementite. vis. pearlt/t, Below 700* 
no further phase-changes occur. 

Alloys with loss tlian 0*67 per cent of carbon are called Aypoeu/edeid ol/oys. 
those with between 0*87 and 1*8 per cent hypereuftefoid olhj/j. Tiie alloy 
at C with 4*3 per cent of carbm is the su/ecfic alloy, tlioae with 1*8 to 
i‘Z per cent are hyp^uttede, and thcee w*ith 4*9 to 5 per cent of carbon are 


hyptrwieciie. alloys. 

When grophite seporalea instead of cementite, as aometimes occurs on 
very slow cooling, the points F and C are raised to E' and C\ and C’H' is the 
solubility curve of graphite. It intersects BC at 1197*. The magnetic 
transformation at about 701)* is not a phase-change. The il>ermal change 
taking place in it is the cause of rreo^cscenee, the sudden reheating of a mass 
of red-hot iron on slow cooling. 


Pure iron.— The soft iron wire used for binding dowers conUins 90*7 
per cent of iron, .^rmcc frem (p. 920) is 99-D per cent Fe. Very pure 
iron is difficult to make. It may be obtained by reducing pure ferric 
oxide (mode by heating rccry stall ised ferric nitrate) in hydrogen at 
1000*. or by electrolysis of a solution of ferrous sulphate or chloride, or 
ferrous ammonium su Iphate. and melting in a vacu u m. Pure iron is soft 
and almost white. It is permeated by liydrt^en at about 350^, the 
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permeability increasing rapidly up to a red heat» and it bums brilliantly 
in oxygen when heated. 

Carbonyl iron in hne pou-der is made by injectms iron carbonyl Pe(CO)( 
vapour into a apace heated by radiant beat at 200^-250^. It is quite pure 
except for traces of carbon and oxygen. By fusing in an induction fximace 
with the reqttisite amoxint of pure ferric oxUle (obtained from iron carbonyl) 
the carbon may be ro<lxico«l below 00007 per cent and the oxygen below 
OOl |>er cent. Iron pow<lor may be pressed with an adhesive into Pupin 
coiU, with very low h>'steresis l<jes and used in some electrical apparatus. 


Electrolytic iron is brittle because of its fine crystalline stnicture 
and can be powderctl. It contains occluded hydrogen which can be 
removed by heating in vacuum » when the metal also becomes soft by 
annealing. Hydrogen |)enct rates heated iron and steel, and removes 
carbon, sulphur and phosphorus, the metal becoming soft. P(duced 
iron is a black or grey iK)W<ler obtained by heating ferric oxide in hydro* 
gen ; when prepared from pure oxide (from the nitrate by reduction 
at a fairly low tcmi>oraturc) it is ptTophoric. 

Iron readily occludes hydrogen, nitrogen and carbon monoxide, the 
solubility increasing with rise in temperature and showing a marked 
alteration about 030*. The excess of gas is liberated on cooling the 
molten metnl, and that retained by the solid is removed by heating in 
a vacuum. 

Iron docs not easily amalgamate with mercury, but an amalgam JS 
obtained by rubbing iron pou<lcr with mercuric chloride and water, or 
by the action of sodium amalgam on ferrous chloride solution : 1 per 
cent sodium amalgam gives 1*211 per cent iron amalgam. 

The rusting of iron.— Iron exjwetl to ordinary moist air is quickly 
corroded to a red<lish* brown rust, consisting chiefly of hydrated ferric 
oxide. The conditions under which rusting takes place have been 
investigated by several ex i>eri mentors, with divergent results. The 
homogeneity or otherwise of the metal and its purity affect thercsulU. 
The presence of water is cascnlial and according to some experimenters 
carbon dioxide or acidity is aljM» necessary. Freslily-formcd rust 
usually contains ferrous hydroxide and carbonate, indicating that 
these compounds may be formed as a first step in tlie corrosion. 

Oacc Calvert (1870) and Crum Brown ( IH88) suggested the following 

reactions : 

Fc + H,0 4- ro, - FeCO, + H. 

4FcCOa + 6H5O * 0, -4Fc(OH)j + 4CO,. 

According to G. T. Moo<ly (l!H)fi), pnro iron do« not rust in tl.c 
presence of water and air if eorb<Mi dioxide is ngortmsly excluded. 1 Uo 
iron first passes into .solution, when carbon dioxide is present, as ferrous 
bicarbonate Fc(HCX),).. wliicli is then oxulised by dissolved ox>geu 
with precipitation of ferric hydroxide. Tlic addition of alkalis 
the water removes the curlwme acid and retanU the rusting of 

**^/!]lmhcrt (1010) found that pure iron remuins bright in iMstillwI water 
exposed to pure air but rusts if previously mechanically strained. 
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Tak« four lots (cr), (5), (c), (d). of clo*n bright noils. 

(d) Boil tap'Water in o («st*tube until it begins to bump,'* showing that 
dissolved air has been expelletl. Dro)) tlio nails <o) into tlte water and boil 
again for half a minute. Pour molted vaseline o\*or the surface of the water. 
This excludoa air, so that iron and water alone are present. 

(b) Place nails (6) in a t«tt'tube full of ordinary water. In this case iron, 
much abater, and air are present. 

{«) Place nails (c) in a tesi*tube with a fow drops of water. In this case 
iron, a little water, and air are present. 

((f) Place nails (d) in a desiccator over sulphuric acid. In this case iron 
and sir atone are present. 

I 

Leave the four specimens for a few days, and examine the iron. Rusting 
should have occurred only in cases <b) and (c). 

Pour 100 ml. of 15 per cent potassium hydroxide solution into a 500 ml. 
Ilsak fitted with a partly bored cork and ^lake. Allow the fiask to stand 
for two days. Boil a large bright nail with distilled water as described 
above (n), and push it through tlie cork into tlie flask, leaving a short length 
outside. Allow to stand for a fow days. The part of tho nail inside the fiwk 
which is exposed to air and water in tho absence of carbon dioxide doee not 
rust, whilst tl^e part outside, exposed to moisture and ordinary air will rust. 
It has been found that even if ligwid water is condensed on the iron inside 
the flask it does not rust. 

It will be noticed In Expt. (6) that the undersides of the nails remain 
bright, and rust is deposited on the top exposed to air. This indicatea that 
the iron passea into solution, snd tha solution is tlion oxidised by the air. 
Pack a number of bright ns Us tightly in a jar, cover them with a piece of 
hardened filter^paper, and pour boiled distilled water into the jar. Rust is 
deposited abov4 the filter-paper. 

Dunston, Jow'ett $nd Golding (1905) fotmd that iron rusts in moist 
oxygen in the absence of carbon dioxide. They assumod the reactions : 

re + 0, + H,OaFeO + H,G, 

Fe + H,0,sFeO + HaO 
2FeO + H,0, = 2FeO(OU). 

They were unable to detect any during rusting, but a frees is said 
to be formed by the action of iron amalgam on alkaline solutions (SchOn* 
bein ; Wielond and Franks. 1929). Vernon (1995) also found that carbon 
dioxide Is not Decsesary for rusting and e\*en retards it. 

According to another theory of rusting (Thenard, 1819). the difTerent 
parts of a piece of iron act as poles of voltaic cells and solution of metal 
occurs as the result of local action. Iron in presence of water is 
supposed to react primarily as : 

Fe + 2H’ + 20H' - F©** + 20H' + H*. 
and aa the process is electrolytic the ferrous and hydroxide ions appear 
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at two different points ; by diffusion they react with precipitation of 
ferrous hydroxide, which is then oxidised by dissolved oxygen : 

4Fe(OH). + Oj +2HjO *4Fe(OH)j. 

The action of carbonic acid is supposed to be to furnish H* ions. 


Prepare a 1 J per cent solution of agar-agar in hot water, and add a little 
sodium chloride and phenol phthalein. Pour some of the aolution over a 
cl ean pi ate of iron in a glass dish - The agar sets to a iel ly . After some hours 
red patches appear, indicating the formation of sodium hydroxide by electro- 
lysis. If potassium ferricyanide and phcnolphthalein are added to the agar 
and the hot solvit ion is pouretl over clesn iron nails, live onddea become blue 
from reaction of ferricyanklo with ferrous ions, and tlie caUiodce red from 
the alkali formed. 


Iron is protected from nisting by painting, or whitewashing with lime, 
Pipes are protected by heating and dipping into a solution of coal-tar pitch 
in coal-tar naphtha, when an impervious coating is formed (Aufjut Smith $ 
ccmpousifi). In the Bcrff proct$$ the iron is heated to redness and st«m 
blown over it, when an adherent layer of forfosoferric oxide is forme<l. This 
is used in treating cans for fruit, etc,, instead of tinning. The la>*or of oxide 
is removed by heating with water conUining magnesium chloride, which 
explains the corrosive action of sea-«ator on boilers. 

Pusive iron.— Iron becomes passive by immersion in fuming nitric acid, 
and also in chloric acid, chromic acki. or hydrogen peroxide, or by making it 
the anode in electrolysis- The iron is then insohiblo in dilute «;<f* 
not precipitate copper from a solution of copper sulphate (Keir. I W). 
The nassivity is removed by touching with ordinary iron under the surface 
sulfuric acid. The passivity, as Far^lay (183a) 
due to a very thin film of oxide ; tins is removrxl by heating in h. drogim. 
Li it is poiiible to ilissolve out the iron, leaving the transparent skin of 
oxide, by io<line solution or by anodic clcctrol>-sis m salt sohiiion- 

Salts and ions of iron-— Iron readily dissoWw in dilute 

no gas is evolved, but ferrous anti ammonium nitrates arc formed . 

4Fe + lOHNO, - 4Fc(XOj). + NH 4 NO, + 3H,0- 
In warm dilute nitric acid iron dissolves to form ferric nitrate >vith 
evolution of nitric oxide : 

Fc + 4 HN 03 =Fc(NO,), + XO - 2H,0. 

Solutions containing the ferrous ion "^«l]>:.^»‘"^5;;r“iev”^'n'inky 
colour of ordinary solutions of fortncii by 
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nitric acid they become nearly eolourlcsa ; with eoncentraleci hydro- 
chloric acid they become deep yellow, the colour of undissociated feme 

""Ferrous salu are oxidised to ferric salts ; (i) by atmospheric oxygen 
in neutral solutions, when insoluble basic ferric salts are precipitated : 

4Fe - + 0, + 2H,0 = 4Fc • +40H' ; 

(ii) by chlorine or bromine ; 2Fe- +CI,-2Fe - + 2C1' ; the reaction 
with iiiine is reversible 1 2 Fc- +I,r«2Fc- +21' ; feme cbloride 
liberates iodine from |) 0 taAsium iodide and iodine oxidises fcrrou«j 
chloride to ferric chloride ; 

(iii) by boiling with nitric acid or aqua regia : 

3Fe* + HN0a + 3H-3Fc*'+N0 + 2H,0 
Fc '+CUFe • + Cr ; 

(iv) by permanganate in acid solution : 

5Fc * + MnO|' +8H -oFc* ' +Mn - +4H,0 ; 

(?) by dichromatc in acid solution : 

OFe* +0,0, ' + I4H* -OFe* • + 20* • + 7HjO ; 

(?i) by silver salts (the reaction is reversible) : 

Fc” + Ag’ ^ Fc*** + Ag. 

Ferric salts are reduced to ferrous salt* (i) by nascent hydrogen in 
acid solution, say by sine and dilute sulphuric acid : 

Fe* +H«Fe • + !!•; 

(ii) by liydrogen sulphide or sulphides : 

2Fc +H,S-2Fe* +2H +S 
2Fe*'+S'’-2Fc*+S: 

(iii) by sulphur dioxide : 

2Fo • +S0, + 2H,0 -2Fc • + S0;' +4H' ; 

(iv) by iodides : +21' s* SFe'* + 1, ; 

(v) by stannous chloride : 

2Fe •+Sn* -2Fe' +Sn 


Ferrous Cosipouxm 

r«TOus chlerid# is obtained anhydrous in white lustrous scales on 
healmg iron In a stream of hydrogen chloride : Fe + 2HCI - FeCl, + H 
or by heating ferric cliloridc in hj^rogen : 2FeCla + H, * 2FeCl, + 2HCI. 
Anhydrous ferrous cliloridc is also formed by adding ammonium 
chloride to ferrous chloride solution, evaporating in absence of air, and 
heating the residue in absence of air till t lie ammonium salt volatilises. 
The hydrate is deposite<l from solutions of iron in hydroclJoric acid in 
bluish-green monoclinic crj'stals FeCI,,4HjO, which oxidise slightly and 
become green in the air. 
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Anhydrous ferrous chloride is soluble in alcohol and ether. It 
volatilises at about 1000® and the vapour density indicates that mole- 
cules of FcjCI* and FcClj are present, the density becoming normal 
between 1 300® and 1 500® : Fe^CI^ 5^2FeOl2- On heating in air oxidation 
occurs ; ferric chloride volatilises and ferric oxide remains: 


l2FeCl2 +30, » 2Fe,05 + 8FeC), ; 
and when heated in steam, hydrogen is evolved : 

3Fea, + 4H,0 - Fe^O, + 6HCI +H,. 
Double salts are RbFeC]„2H,0 and Cs,FeCl4,2H,0. 


Ferrous tromide F«Br« and ferrous iodide Fel| are prepared from the 
^elements, and form the cr>'stalline hydrates FeBrs.GHiO and Fel„4 and 
6HsO. They are alau formed by adding the halogen to iron filings {in 
excess) and water. Ferrous fluoride FeFs is formed as a wliite powder on 
heating iron powder or anhydrous ferrous chloride in a stream of hydrogen 
fluoride. It forms green PeF,,4H|0. 


Ferrous oxide FcO is formed as a p>Tophoric black powder by re- 
ducing ferric oxide with hydrogen at 300® or in a mixture of equal 
volumes of carbon monoxide and carbon dioxide at 800®; by heating 
ferrous oxalate at 150*- 169® in absence of air : FeC,0, • FeO + CO + 
CO, (this contains some iron and is pjtophoric) ; or by adding ferrous 
oxalate (obtained by precipitating ferrous sulpliate udth ammonium 
oxalate) to boiling potassium hyd^xide solution : FeC ,04 + 2KOH *• 
Fe0 + K,C ,04 + H,0. 

Ferrous oxide always contains iron or Fea 04 ; it is prepared nearly 
pure by heating at 700® small quantities (0*1 gni.) of ferric oxido in a 
mixture of steam and hydrogen in the ratio 1 : 0'68. 

Ferrous oxide melts at 1356®. It is not strongly magnetic. It is rc« 
duced to metallic iron by hydrogen at 700®-800®. 

FsTTous hydroxide Fc(OH), is formed as a white precipitate when 
sodium hydroxide is added to a pure solution of a ferrous salt, with 
absolute exclusion of air. (To obtain the original solution free from 
ferric salts, it is warmed with a little iron and dilute sulphuric acid m 
a flesk fitted with a tube dipping under water). It is insoluble in 
excess of alkali unless the latter U very concentrated, but dissolves 
sikhtlv in ammonium salU, and is readily soluble in acids, forromg 
ferrous salts It crystallises from concentrated sodium hydroxide 

solution in flat green prisms, »ml is a definite ".T Kilv 

tate rapidly becomes green m the air from formation of Fe, 04 , and hnaiiy 
brown.Vrming Fe(OH),. It reduce nitrates and nitrites to 
The solution in very concentrated alkali hydroxide may conUm a 
fenoslU* Fe(0H), + 2Na0H-Na,Fc0, + 2H,0. , u u I-* 

^ Ferrous cAxhoosts occurs as fidfritt or spathic iron on in 
isomorphous with calcite. It is formed on addition of an 
bonatc to a ferrous salt solution as a white precipitate, rapid y be- 
coming green and finally bro«-n on exr>osure to air. owing to oxidation 
^ flrfif^-droxide. The addition of sugar retards the oxidati^ 
Ferrous carbonate dissolves only si>aringly in water (10- gm. mo . per 
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Utr©) but is soluble in ammonium carbonate solution, and in 
containing carbonic acid forming ferrous Wcarboaau Fc(HCOa)„ which 
is sometimes present in springs. On ex posurc to air. red feme hydroxide 
is precipitated : 2Fo(HCO,), + O.FcA + 'lCO, + 2H,0. Plants ab- 
sorb iron from the soil as the bicarbonate. 


PoUs^ua ferrous carboiufe K,Fe(C0,),.4H,0 deposits in nearly whiW 
scoles from a mixture of jwtoswium corbonato solution ami one -fifth tlie 
volume of salurato<l forrotis chloride solution. Impure mIciujb ferrous 
c&rbonsfe CaFe(CO,), is found as anktriie in coal mcosures. 


renous aitrst. Fc(NO,)..BHsO forms light-green crystals, best pre- 
pared by grinding ferrous sulphate and lead nitrate with dilute alcohol, 
Altering and eva{>orating : 

FeSO< + Pb(NOj), - Fe(NO,), + PbSO,. 

Ferrous phwpbsfe Fe>(P04)„8H,0 occurs as eicianife and ie formed as a 
white precipitate (turning blue in air from oxidation) by procipitoimg 
ferrous lulphaio solution with wxlium phosphate and allowing to stand at 

3FeSO« 3Na,HPO, r Fo»(PO,), t 3Na,SO* + H,PO*. 

FWTOUS sulphsu PeS04 U the most important ferrous salt and Is 
obtained by dissolving iron or ferrous sulphide in dilute sulphuric 
filtering, evaporating, and crystallising, when green crystals of FeSO*. 
7HtO separate. It is made on tlie large scale by the slow oxidation of 
marcaaitc or “ coal. brasses," FeS„ by air in presence of u-ater (pyrUu 
is sUble in air unless it is first roasted)- Tlie common form is green 
vitriol FeS0..7H,0. crystallising in monoclinic crystals jsomorphous 
with one form of Epsom salt >IgS04.7H,0. The pure salt is pale 

K nish-blue and is made bv pressing the powdered crystals between 
r paper. If a crystal of Me vilriol ZnS04,7H,0 is plawd m tho 
saturated solution rhombic cr>ftals of FeS04,7Ht0, isomorphous with 
the zinc salt deposit, whilst War ri/nof CuS04.5H,0 induces the crys- 
tallisation of triclinie isomorphous crystals of FeS04,5H,0. By pre- 
cipitating a solution with alcohol, or by heating vitriol in a 

vacuum at 140®, the white monoliydrate FeS04,H,0. is formed ; this 
is stable in air and on heating at 300“ in a current of dry hydrogen 
leaves white amorphous anlivdrous FCSO4. On heating to redness it 
decomposes : 2FCISO4 « Fe,Oj + SO, + SO,. Oystallme hydrates with 
6» 5. 4, 3 and 2H,0 are also known. - „ 

Ferrous sulphate readily forms double-salts with sulphates of alkali- 
mecab. M*,Fc(SO4)„0H,b, bc-longing to •. ^ 

picromeritte or scAdwifea, in which M* may 

ferrous iron may be replaced bv bivalent Mg, Zn. Cd. Mn, Co» and 
Ni, and sulphur may be replaced by Sc. Te, and Cr. If equimolecular 
amounts of ferrous sulphate and ammonium sulphate a« dissolv^ to 
saturation in separate amounts of warm distilled water, a little sulphuric 
acid being added to the ferrous sulphate solution, ^d the filte^ ^lu- 
tions mixed fenous Mnmoaium nUpbate (J/oArs som)) (^H 4),re(D04)*, 
6H,0, deposiUon cooling in light bhiUh-green monoclinic crystals, which 
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also clc-posit in tlie form of a i>ractioall.v n liite |K)«-dpr on adding alTOhoI 
to tho 4.lution (r/. h’cSO„7H.O). Tl.e crystaU are aUble m a.rand the 
solution is much less readily oxidised by atmospheric oxygen than 
ferrous sulpl.ate or chloride. Molir's salt is used m volume ric analjrais 
for standardising solutions of jiotassium i>ermanganate or dichromate , 
it ^ontains almost exactly one-seventli its weight of ferrous iron. A 
little dilute sulphuric acid sliould be added in making the solution. 

Iron dissolves in sulplmroiis aei.l witliout evolution of gas : the wlution 
,lo,s».it« colourless ervsuls of ferrous suipkiu. leevmg a ^lut.on of 
ihiosulphst. : 2Ke^3H^O, = »SO. + FeS.O,s3H.O. (i or ferrous mlphid. 

Hco p. 1)33). 

Ferric Compounds 

Ferric oxide —There are two crystalline forms offerric oxide (RobbiM, 
Xmbohedra! .-FeA (Aaemul.fel, 

fLo. H^O. or 0 Fc( 6H). which also cxwta m two 


pJroxide. oxidation ol terrous gd with 

water by atmospheric oxj^cn. an<l X u. ^ u o is obtained 

Xtc aliali in ai: ’V" Su w^rm^ KiJ^alo: i^^^ 
a.s a bright j weight s of 

acid ferrous solution , ^ ji«Uh with alkaline hypochlontc, 

sodium iocUtc, by Woiishv<lrt>xi<leundcrai>ccial conditions 

rsumSz:;-5 

ferric suit by ammonium chloride 1 acids but 

but becomes Hocciilcnt on j, the form in which iron 

practically 

is Si'paratcd m quantita . ^ • becomci »iwringiv soluble m 

with the soUitumt the i „ amorphous mass of mdelinite 

Tlic gel on drying a<mietimcs with the produc- 

coniiMisition. On ig formiHl. which is nearly insoluble • 

tion of a glow, and A hvdTocliloric acid onlv after digi^s^lion for 

heated oxide it j. ^ , hv igniting ferrous sulphate in air arc 

=“rp.t£"- • hS .»«*' 
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Ti»o stable erN'st^ilHiic' fonn of f»*fri«* oxlclo is stof'l-grey biit Rivas a re* I 
|x>wiler. All varieties l>n»vi*n to ilnrk s*i«>Jct ut (5d0'-l0l»0® ; above 

this teinjwraHire they turn l)Uiish bln< k or black, b\it whoa mixed with 
aluntbia, FOaO) bovoinos yellow on ignition. 


CoU»d*l ferric oxide is known in two forms, (i) Gra horn's sol is obtAinotl 
by dissolving freshly •precipitated ferric hydroxide in a concentrated 
solution of ferric chloride and dialysing, preferably hot. The blood-rcd 
sol {(Ualystfl iron) is a jiositivc eolloicl and is readily precipitated by salts. 
Concentrated hydrochloric acid slotrly converts the solution into 
yellow ferric chloride. If glvcoro!, sugar, tartaric acid. etc. , arc added to 
a solution of a ferric salt it is not preeijiitated by ammonia, but a clear 
brown sol is formed, hence organic matter if present must bo destroyed 
by ignition before t he grou p-reageixts of t^ualita tire analysis are used, (ii) 
FiandcSain/S'GiUts's sol is brick -rod anxi is formexl by heating a solution 
of ferric acetate for several days, or by dissolving freshly* precipitated 
ferric hydroxide in acetic acid, diluting and boiling out the acetic acid. 

Ferric oxide ha^ feeble acidic pfo)>ertics. If ferric oxide is strongly 
heated witli sodiunx carbonate, sedixuD femu Na^Fc^Oi or NaFcO^ is 
formed : Na ,CO, + Fe,Oj • N’ajFcjO* +00,. On treating the mass with 
hot water, the ferrite is dccom|Hiscd : NajFcjO* + H*0 •2NaOH + 
FcjOa (the old Wwig preww, p. IkW). Ferrites are sometimes called 
per/erriUs or fsrmlts. Crystnli of sodium ferrite arc formed on boiling 
a solution of sodium ferrate and cooling : 


^NajFcO^ 2HP -4NaFeO, + 4NaOH + 30,. 

rsrretofsmc exidi Fe^O^, probably ferroos f«mu Fe(FeO,),, is Strongly 
magnetic and is formed by heating iron to redness In air (“smithy 
scales *') or in steam, or by ixeating ferric oxide above 1000* in vacuum, 
The pure oxide is obtains aa a black powder by reducing Fc,Oj at 400® 
in a current of hydrogen and steam. It melts at 1540* and is cast into 
electrodes, since it resists acids and chlorine when fused. 

A black hydrated fcrrosoferric oxide Fc 304 ,aq is formed w]\cn iron 
mings stand in water cx|)osed to air or by adding a solution containing 
PeCl, -f 2FeCl3 to boiling ammonia, washing and drying. It is strongly 
magnetic and is soluble in acids. It was formerly regarded as ferroso- 
ferric hydroxide Fe,! OH ), ■ Fc( OH ),.2Fc(OH 

Ptfric chloridt FeCI, is the most important ferric salt- It sublimes in 
anhydrous iron- black crystals with a green iridescence on heating iron 
or ferric o.xide (at 900®- 1 000®) in chlorine. The apparatus of Fig. 370 
may be used- The cr^'stals sublime at 280® and the vapour density at 
444® corresponds with Fe,Cl,. At higher temperatures dissociation 
to Pedg occurs and is practically complete at 750®. At higher tempera- 
tures there is some decomposition into ferrous chloride and chlorine : 

Fe.Cl 4 ^ 2FeCl, ^ 2Fea, •»- Cl,. 

Tampsrature • 448® 518® 606® 750® 1050® 1300® 

- ISI 138 181 78 76-3 7a«4 
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In solutions in alcohol and ether the molecular Treighfc- corresponds 
with FeCi,. The anhydrous chloride is soluble in benzene. The 
solutions sliow tl»e bright-yellow colour of FeClj. Aqueous solutions 
containing excess of hydrochloric acid are also bright yellow. 

Aqueous solutions of ferric chloride are formed by dissohing ferric 
hydroxide in hydrochloric acid, or by saturating a solution of ferrous 
chloride witfi chlorine. On evaporation and cooling, yellow hydrated 
crystals arc deposited wldch arc readily soluble in water. Ferric 
chloride solution is used as a stj-ptic, U. in stopping bleeding : it 
coagulates the blood, forming a clot. The solution U strongly acid, due 
to hydrolysis (p. 025). On heating the hydrate, hydrochloric acid is 
evolved and a basic salt or finally ferric oxide is left. 

Garnet-red double salts are formed from ferric chloride and other 
clilorides. e.ff.FeCl3,2KCI,H,0 ; FeCI^NH^Cl ; FeCI,.MgCl„H,0. 
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Fic. $90 is from Roozeboonrs experiments. AB is the freezing point 
curve from puro ice at -4 to tlie eutectic of 

100* 1“ bihty curve of the 12- 

1 hydrate, C being the 
■ 4 H 9 O Jy melting point of this pure 

h)'drato. This is a maxi- 
* f ^ mum on the curve, which 

^ characteristic of a do* 
/S; ^ fin ite compoun<l . Beyond 

4^* . * C the solution takes up 

2 more salt, CD showing 

5 • / *2)* / the lowering of freezing 

§ point by adding ferric 

I / chloride. Ai D ^ new 

^ ^ A I hydrate Fe,CU.7H|0 aji- 

l */ |»care. ils melting point 

, W / 32-5* being at E. Tho 

-20 r fOH belongs to 

\ the hydrate FejCh,6HfO 

••40* • \ melting at 0 , an<l the 

‘ g cur> e/f*//ft<» the hydrate 

^ > ^ -t * — a Fe,Ch.4H.O melting at J 

O 6 10 ^ 2e (73 V). The cur\*o begin. 

BoU K (flO*) is tho solu. 

Fio . 3 DO.— Hyd rates of ferric chloride. j ^ nnhydrous 

ferric cUIorUlo vrinch runs ^ only S' 

r«r,c do..ble m.ori.l«.. e.ff. Kn.KcK. analogou, «o 

KcBr. ia fom.oa similar, y .o .he chlcde, but il.o 
ioihcle doee not exbt- ,i«olving iron in 


- -J iQ 1ft 20 26 90 

^ Uoh 

FIO. 3 DO.— Hydrates of ferric chloride. 
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NO + 2HtO ; tho <iork*brt»u*n Rn]uiU>n (iisc*l aa a mcmiant) depoeita colour' 
less or pals- violet cubic cr>-atols of Ke|N0,)„fiH,O, ormonoclinic crystal* of 
Fe<N0,),.9H,0. 

Ferric phosphate. FcP04,2H,0 is fonrwxl im a wKilo |irccipiUto, insoluble 
in acetic acid but soluble in n»iiiw^l Ri*iil« (eju*c|*t |>1imi)boric) when sodium 
phosphate is wldetl to a ferric salt s;i»lnti<in, or ferric chloride to excess of 
phosphoric acid solution. It is UAe<l in tlte separation of phosphates in 
qualitative analysis. A basic pitoephate occurs as the mineral dufreniu 
Fe,PO,(OH),. 

ferric sulphite Fe^fSOi),, is most easily obtained by evaporating 
ferrous sulphate with concentrated sulphuric acid : 

2PCSO4 + 2HjS 04 - Fe^SO^), *80, + 2H,0. 


Anhydrous ferric sulphate is a yellowish -white powder, dissolving only 
very slowly in w'ater but ultimately forming a very concentrated 
solution, this is brown -red owing to hydrolysis, but becomes paler on 
addition of sulpliuric acid. Tlie common crystal liyclrate is violet 

Fe,(S04)5.9Ht0. 

Ferric ilumt are formed with alkali sulphates e. 9. NH4Fe(SO4)).12Kt0, 
violet when pure but often pale- yellow owing to the presence of ferric 
oxide. These arc readily soluble in water and arc not appreciably 
hydrolysed. The potassium alum. KPe(S04),,l2Ht0, does not crystal- 
lise so easily as the ammonium salt. 

On heating ferric sulphate sulpfiur trioxidc is evolved, the reaction 
being reversible : Fe,(S04), v* FcjOj + 3S0j. 


Ferric carbonate does not appear to exist, feme hydroxide being pre- 
cipitated by an alkali carbonate from a ferric salt solution : 

2Fea, + 3Na,C0, + 3H,0 = 2Fs{OH)4 + 6XaCl ♦ 3C0,. 


Sulphides of iron. — There are three sulpirides of iron, famuj lulphide 
FeS and irco dUulphidi FeS^. both containing ferrous iron, and ferric 
lulphUe Fe^j. 

Ferreor sulphide FeS Is formed with evolution of heat as a black mass 
by heating 3 parta of iron filings with 2 parts of sulphur (p. 10). It may 
be prepared by dipping a white-hot bar of wrought iron into molten 
sulphur in a crucible. (Chat iron is not attacked.) A mixture of iron 
filings and sulphur wOien moistened becomes licated and forms FeS. 
Xbo mineral pyrrhotite or magnetic pyrites is often formulated as Fe^S^ 
but apparently it has a composition varying from FvtSj to Fc^S^, and 
artificial ferrous sulphide is of sinrilar variable composition. 

Ferrous sulphide when pure is a yellowish crystalline mass with a 
metallic lustre, m. pi. 1 170* ; the commercial substance is black or dark 
grey and contains free iron. It dissolves readily in dilute acids and is 
used in the preparation of hydrogen sulphide. A greenish -black preci- 
pitate of ferrous sulphide is formed when ammonium sulphide is added 
to a solution of a ferrous salt, or hydrogen sulphide passed into ferrous 
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sulphate solution containing sodium acetate. The precipitate dis* 
eolyes slightly in excess of yellow ammonium sulphide forming a dark 
greenisli* black solution, perhaps containing a Uuofernte NH 4 Fe 82 . 

Ferric sulphide Fe^S, is formed by the action of hydrogen sulphide on 
pure moist ferric hydroxide in absence of oxygen, and as a black pre- 
cipitate by the action of excess of ammonia and ammonium sulphide 
on a solution of a ferric salt ; with excess of ferric salt a mixture of 
FeS and sulphur is formed. 


ThioferhUs are formed by tbe action of alkali sulphides on 

ferric sulphide : KtS + Fe^, s 2 lCFeS 9 , or alkali pol}*sulphides on ferrous 
sulphide: (KHdiSi 2FeS s iNH^FeS,. Potassitun thioferrite KFeS| is 
formed in insoluble purple needles on fusing iron hlings. potassium car- 
bonate. and sulphur, and extracting the fused mass with water. On heating 
it forms K|Fei^^S, It evolves hydrogen sulphide and deposits sulphur with 
acids : 2K FeS, + 6H Cl = 2KCI + 2FeCl, + 3H ,S + S. The sod ium salt 
NaFeS,.2H,0 is also insoluble. 


Iron disulphide FcS, occurs as iron pyritu and marcasife. Pyrites is 
stable in air . marcasi te ox idisea in moist air to ferrous sulphate . P^Tites 
crystallises in the regular system, often in plain or striated cubes (over 
200 forms have been described). It has a brassy«yellow colour (“ fools' 
gold ”), is very hard, striking sparks from steel, and is not magnetic. 
Marcasitc occurs in rhombic crystals, usually in the form of radiating 
nodules and U pale • yellow or white like tin. PjTitcs often occurs i n coal 
and is the source of much of the sulphur dioxide formed on its com- 
bustion. It is found in masses having the form of w'ood, roots, etc., and 
probably formed by red u ct Ion of solut ions of ferrou s sul ph ate by org a itic 
matter. Pyrites on heating in absence of air loses some sulphur and if 
heated in air, all the sulphur is burnt to dioxide (p. 463). 

Pyrites is insoluble in dilute acids but readily dissolves in concentrate! 
nitric acid (with separation of sulphur) and in aqua regia. Artificial 
FcvSj is formed by heating ferrous sulphide w'ith sulphur, by passing 
hvdrogen sulphide over iron oxides or chlorides heated to redness, or 
by heating a mixture of ferric oxide, ammonium chloride and sulphur. 
FeSj conUins/errowa iron and is a derivative of HjSj. 

The crystal lattices of pyrites and marcasite contain S, groups in 
atoms are linked by covalent bonds- The centree of those ami 
atoms occupy the i>«itions of tlie sodium and chloride ions m the 
1 »*' In tftOi each iron atom being at the cenlro of an octahetlral groui 

symmetric*! tli»o ll.e pj-rite« lstt.ee. 
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Ferrates {sometimes calleil perjermfes) arc compounds of the unknown 
iron trioxide PcO) containing C* valent iron, and correspond with 
chromates and mangnnates ; 

KjFe'^O^ K,Cr^*0, KjMn'^04 

and K2Fe04 is isomorphons with K3SO4. K2Cr04, K{Mn04 and K2M0O4. 

A mixture of one pari of iron Hlincs and two |MrU of nitre deflagrutes on 
heating, and the cold product dissolves in water to form a purple aoiution 
(Stahl, 1703). Thiscuntnina j>otaA*mm fcmteKsFeO« (Fremy, 1841). Tlie 
purple solution is alau format J by ll>e elect rol^iiis of ]>otaasium hydroxide 
solution with a east* iron anode, or by paaidnff clilorino into a sxispenaion of 
ferric hydroxide in potnsaium hydro xUle aolutiun : 

2Fe(OH), + lOKOH + 3C*I,» 2K,FeO. + OKCI + 8H,0. 

On adding solid potaasium hydroxkle to the at do turn, reddish^broum poUisium 
fsrrsU KiFeO*, is depoAit«<l. On boiling, a yellow solution of potassiuiD ferrite 
(somstimes callotl foirato) K|Fe,Oj, is formed, which rapidly do|>ositi4 ferric 
hydroxide. On addition of barium clilorido to tho re<l |>otnssium ferrale 
solution, fairly stable barium ferrau BaFoO^.HiO is formed as a rod 
precipitate. 

A green perfsrrale K|FeO| (deriv e* I fn>m FeO*) is said to be formed on 
fusing ferric oxide will) potassium liydroxkJe and excess of potassium 
nitrate or chlorate. 


Cyakookx CosiPoi^:<E»8 of Iron 

Potassium ferrocyaiuds. — When ni I rugonmts organic mat ter such as horn 
or ieather'Clippings is fu^ «*ith fM>tassium carbonate and iron filings 
and the mass digeaie<l with water, ilie solution on evaporation <ieposits 
yellow crystals of potmwium fcrrocyanide (yr/ferc prwssiere 0 / pef^sA) 
K«Fe(CN)«.3H)0. A ferric salt gives witli the solution a deep*blue pre* 
cipitate of Prussian 6fus, tho first ferrocyanogen contpeund to be discovered 
(Diasbach. 1704). Msequer (1753) showed tlmt pnteMtium forrocyanide is 
formed on boiling Prtisaian blue with poteeh, and Porrei (1814) that 
hydrcfsrrocFsmc scid H,FotCN)« is rorme<l as a wliite precipitate on adding 
an acid and then other, to a solution of ferrocyanUle. Tlie precipitate con- 
tains combined etlier. licrzelius pointed out that the >'elli>w pnuslate 
might be regarded as a double cyanide of potaasium and ferrous iron, 
4KCX,Fe(CN)„ but it is now regnrde<l as the potassiiun salt of hydroferro- 
oyanic acid, K*[Fe(CN),l. One of Urt CN groups may be replaced by CO, 
M,0, NO. NO,. SO,, etc. 

Potaeeium ferroevanide is prepared from tl>e spent*oxide of gas works 
(p. 613). The nitrogen of tlie coal is partly ex'cdved as hydrocyanic acid, 
which collects in the oxide |>urificrs as Prussian blue. The spent oxide is 
heated with milk of lime, forming calcium ferrocytmide. and on adding 
potaasium chloride KaCaFetCN), is i>reci|>itated : this is decomposed by 
^ding potasium carbonate. Ferrocyanide is formed by adding excess of 
potaasium cyanide to a solution of ferrous sulpliatc, until the brown pre- 
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red solves. The cr>‘stab are yellow telragonal pjTamWs, which 
are xmc hanged in air but on heating Tall to a white powder of anhydrous 
salt. Potassium ferrocj'anide, it U said, is not poisonous. The sodium salt 
Na^FciCNh.lOHjO is prepared in a similar manner. Silver nitrate gives a 
white precipiUte of silver feirocyanida Ag,Fe(CN )4 with soluble fetro. 
cyanitles. 

Potassium ferrieyamde. — \M)en chlorine is passed into a solution of 
potassium ferrocyanide the ferroryanide ion is oxidwd to the ferricyanide 
ion. the two ions containing bi* and ter* valent iron rcepectively : 2Fe(CNl/"^ 
♦ Clj= 2Fe(CN)*"* + 2Cr. At the same time a molecule of chlorine w 
reduetd to two chloride ions. The two salts KCl and K,Fe(CN)i separate on 
evaporation from the yellowish -brown solution, but by repea te<l recrystal I i- 
sat ion potassium ferricyanide K,Pe<CK)« is obtaine<l pure in the form of 
anhydrous <lark*retl monoclinic prisms (red pruteiate e>/ potaeh, L. Gmclin, 
11^22). It is an oxidising agent, converting litharge into lead dioxide and 
chromic oxide into potassium chromate in boiling alkaline solution : 

SKjFeiCN)* + Cr,0, + lOKOH* eK.Fe(CX)* + 2K,CrO* + 5H,0. 

The solution is reduced to ferrocyanide by eodium emuigsm or glucose in 
alkaline solution. The alkaline solution is reduced by hydrogen peroxide ; 
acid solution of ferrocyanide is oxHlbetl by the same reagent (p. 196). 
Sodium fsTTicysnids 2NaaFe(CN)«.H|0 b obtained from sodium ferrocyanide 
and chlorine. 

Bydrofenicysnie acid H,Pe(CN)f b formefl in brca*n needles by decom* 
posing lead ferricyanide with dilute sulphuric acid, filtering and evaporo ling. 

Lead {srricysnids Pb)(Fe(CNl4]|,10H)O b formed in brouii cr 3 ’stals on 
mixing hot solutions of lead nitrate and potasshim ferricyanklo. 

surer femejanidt Ag»Fe(CK)» b formed as a red precipitate on a<lding 
eilvar nitrate to potassium ferriej'anida solution. 

Prussian blue.— When a solution of ferrotis sulphate b A<lde<l to a col<l 
neutral solution of potassium ferrocyanide, a white prcci|)itat« of poUssium 
ferrous terrocyaaide K,Fe"(r*®"^’y«) » forme<l*, winch ropidly oxidises in air 
to ^-soluble Prussian blue or potassium ferric ferTocyAni<la Fe"'K(Fe"C\>’«),H,0. 
insoluble In oxalic acid but soluble in water. But with acid ferrocyanide 
solution the w'hite precipitate formed b loss roa<lily oxi<lised and on ox- 
riosura to air forma y^ubb Prussbo blue, probably with the same fonnnia 
as the ^-blue but more stable to alkalb, acids and ferric chloride. 

When potassium ferrocyanide b boile*! with dilute sulphuric acid, hydro- 
evanic aciti b evolve<l : 2 K 4 FeCy*-r SHfSOi » 3K,SO, -f- K,Fe"(Fe"ry») + 
aHCN. The pale-yellow powder. K,Fe(FeC*y.), alsofonne<l. is much loss 
easily oxidised than the oU*er two fornis dcscribotl, but nitric acid or 
hydrogen peroxide converts it into Williamsoa's riolst, KFe'"|Fe"Cy#)*H,0. 

By heating a solution of hydroferrocyaiuc acid at 1 10"- 1 20* hi o «oftlo<t 
tube a precipitate of the acid corT»|K)nding with the white provipitelw. 
H8Fo"(Fe"Cy,) b formed, which on oxklatiim gives a violet compound, 

iWMibly HF"'(Fe"Cy,|. . . , ui .k^,. 

When a solution of potassium ferrucyanido is precipitate*! with rather 

less than the e*|uivQlent of ferric chloride an<l the procipiUte washed by 

- I.. tl.» .he ejenogen r«lk-.l CS » by O’- “>'1 of 

the iron by dashes. 
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d6c«ntdtion with potASMidm chloride solution. tl>en wstli 70 por cent sl«>ohoI. 
and dried over PtO»> is formii a*$olobte Frussisa blue or o^fernc peUesium 
fcrrocTsmde, 4Fe'"KiF6"C>*«).7K,0. This when dried hss a bronze lustre 
and forms a beautiful deep .blue pomler. It diaaolvM in water forming a 
blue colloidal solution, aiul is soluble in oxalic acid. 

a 'Soluble Prussian blue may have tfie formula Pe"'KtFe"Cy«) or 
]’>'^(Fe"'Cy4). K. A. Hofmann (1904) sliov'ed that hydrogen peroxide in 
arid solution (which reduces ferricyanidea to ferrocyanidee) reduces ferric 
fcrricj’anide solution but oxidises ferrous feirocyanidea to Prussian blue, 
and the latter must therefore contain the ferric iron in the basic radical. 
The same Prussian blue is formed by precipitating a ferricyanide with a 
ferrous salt, and in this cose, isomeric cliange must have occurred. 

With excess of ferric chloride, the precipitate becomes insoluble in water 
and is called iasehible Pnissiao blue : it has the formula Fe"' 4 (Pe"C.v«)t or 
FefCy,,, but contains water which cannot be driven off by heat. an<l is 
generally formulated aa PeiCyi«,9H|0. It is tlie main constituent of 
onimsr>’ rriisaion blue. 

The precipitate obtained by adding an excess of ferrous salt to potoaslum 
ferricyanide, kno>s*n as TurabuU's Mm. was formerly considered to be 
ferrous ferricyanide Fe,"(Fe"'Cy«)a but it is identical with insoluble 
Prussian blue. A ferric salt with potasaium ferricyanide gives a deep'brow'n 
solution, probably containing feiTic ferneyanida. but no precipitate. A 
little stonnouB chloride or graniilatod zinc and achl. added to the solution, 
prouipitatea Pnissian blue. If chlorine is passed into a bcUing solution 
uf potassium ferrocyanide in tlie dark, a green precipitata called Bflin 
green, probably pol>*m6rised ferric (crncyanide Fe'"(Fe"'Cya), is formed. 

(The above account it based on the researches of K. A. Hofmann j other 
formulae have been proposed). 

The structures of soluble Prussian blue, potasaiiun fertous ferrocyanide, 
and Berl in green aa found by the X>ra 3 *s (Keggin and M ilea , 1 93d ) are shown 
in Fig, 391. The lattice of soluble Prussian blue or KFe'"[Fe''(CN)«) is 





o o O 

ft* A® K 

w (b) A'A A (rw, (C) Ai A A (CAOf 

Lattice of Berlin Lattice of soluble Prussian Lattice of potassium ferrous 
green. blue. ferrocyanide. 

Fro. 391. 

PV«*i Slrflurtl Ckemiwp {Cla rfnie n Preu) 


cubic with ferrous and ferric atoms alternately at the comers and CN 
radicals on the edges, the K atoms being shown at tl>e centres of alternate 
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snial] cubes. Potassium rernnie ferToc>*8nide K,F6"(Fe"(CN)a] Has a 
similar structure. b\it all the iron atoms are ferroua and to balance the 
chargee a potasHium atom is at the centre of every cube. In Berlin graen 
all the iron atoms are ferric and there are no alkali metal atoms in the 
lattice. Ruthenium purple KFe"'[Ru"(CN)«]has a similar structure to 
soluble Pruasian blue KFe'''(Fe''(CN)«]. 

Sodium nitroprusside.— Potassium ferrocyanide warmed with 50 per cent 
nitric acid gives a brown solution. Wlien a slatO'Coloured precipitate is 
formed with ferrous sulphate the liquid ts cooled, 8ej>a rated from the crystals 
of potassium nitrate, and neutralised with sodium carbonate. Tlie filtered 
solution on evaporation gives red rliombic crystals of sodium nitropnisside 
{Playfair. 1849). Na|(Fe(N0)(CN)|).9H,0, which may be freed from nitrate 
by re|ieated crystallisation. A nitroprusside is fonned on pasamg NO into 
acidified ferricyanide solution : 


3H*Fe(CN)* -f HNO, = 3H,Fo{CN), + NO + 2H,0 
Fe(CN)/" 4 NO = Fe<CN)*(NO)" + CN'. 


A freshly 'prepared solution of 8o<lium nitroprusside {it decomposes on 
standing) give* with alkali sulphide* (but not with free hydrogen sulphide) 
an intense purjilo colour (Gmeliii, 1848, with crude nitroprusside solution), 
perhaps clue to [ Fe (0:N • S ) (CN )*)"" : 

Fe(CN)*{XO)" 4 S" s FsfCNljlNOS)"". 

With alkoU sulphite a nitro|>nisside gi\‘es a rose 'ted colour {Boedeker. 1801) 
and a |)eIe*yelU>w salt with the formula NsdFe{CN)480jl.9H,0 is formed. 

Silver nitrate gives with swiium nitroprusside a flesh-coloured precipitate 
of Ag,(Fe(CN),(NO)) and by reaction of this with hydrochloric aci<l the 
unstable free acid H,(FolNO)(CN)»l is formed. 

The nitroprtissUles were usually consitiered to contain ferric iron an<l the 
neutral NO molecule. Fe*“(C>*tNO) giving the valency 3-5* -2. but 
Pauling (1931) siiggeatwl that the odd electron of the NO molwule 
• N • ; : 0 : enter* the valency shell of the ferric ion in KjFeCy*. forming a 
/errews ion. ontl the : N : : : O : radical then coowlinatas by the eleclfcm pair 
on the nitrogen. This gi>-ee the valency 2 - 5 4 1 « - 2. since the (NO) has 
iu>w become p<w*i lively univalent. 

Ferric tJilocysaaU is fomuxl when potassium or ommonium tlijocyanaw 
is achle<l t*. a solution of a ferric salt. It has a <leep bkKKl-rod colour, and its 
fonnation ia a .lelicatc Mat for the ferric Tl.e reacKoo » rovera.blo : 
l.-en,.3KCNS.aFe(CNS). + 3KCl. If the solution is ahaken with other, 
this diaaolvea the ferric thiocyanate. ^Io^curic chloride aLv^har,^ tIio r«l 
colour of the oqiieou. solution : tlie mercury salt, which is only slightly 
"Ijd, ia fon..:il from the ferric «lt. Reducing agents orm fe^« dnjo 
cyanate. colourless in solution. The red col^wir has also been supposed to 
be due to a ('omi)lcx ion Fc(CNS)*'" or Fe(CNM . 

Roussin's salts - If « solution of ferrous sulphotc in excess of a (hio- 
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eulphidos, or ferroiiB sulphato arte on a mixture of alkali, nitrite and 
sulphide, hlaeh Rout$in'$ <o//« are formed, e.^. KPe 4 (N 0 ),S„ which form 
dark'bron*n solutions witli water. By the action of boiling aikaiis on these, 
red Aowssm’s M/te such as KPe<MO)^ are formed. 

The atomic weight of iroo has been determined by the reduction of 
ferric oxide (from carefully purified ferric nitrate) in hydrogen ; tliie is 
one of the . very rare cases in which the analysis of an oxide haa been 
used in an accurate atomic weight determination. Another metfiod 
used was the determination of the ratio PcBr* : 2AgBr. Tlie valency 
is found from the atomic heat and the vapour densities of ferric chloride 
(p. 931) and iron carbonyl Fc<CoO),. 


CHAPTER XLVII 


GROUP VIII METALS : COBALT AND NICKEL 


Cobalt 

Historical. — Tho uae of cobalt aa a conatituent of aomo blue glazea and 
blue glaas made in imitation of lapis lazuU is established for ancient 
(1375 B.c.) and ancient Babylonia (about U30 a.c.) by Analysis of 
actual specimens. Moat ancient blue glazes, how'ever. owe tlteir colour to a 
compound of copper. CuO,CaO,4SiO|. Some spocim«ts of Roman blue 
glass <e.<7. a piece Kiun<l at Uriconium) are coloured with cobalt. 

The name cobaU U usetl by Agricola and other German ^Titen for certain 
minerals which resembleil ores of metals, yet did not yield metal with the 
usuol treatment but gave off an arsenical smell. The roasted cobalt, called 
(impure cobalt arsenate), giN’ea on fusion with sand and potassium 
carbonate a beautiful blue glass called tmaU. The blue colour, at fint 
believed to be due to arsenic, w'ss slM>u*n by Brandt ( 1735) to come from a 
new motol and Bergman (1730) investigated its properties. 

Occurrence. — The arsenide of cobalt, nickel and iron (Co,Ni,Fe)A^ 
(in the pure state CoAs,) is known as speiss co6a/f or smalt ite. Cobalt is 
also found osimaoeife (Co.Ni.FejjS^, <obait glancforeobaltju (Co,Fe)AsS, 
and as eri/thrile or co6off Woom C0j(As0|)j.8H^0, but is now mostly 
obtained from arsenides and sulphides in the silver ores of Cobalt City, 
Ontario, and from the copper ores of Rluxlosia and Katanga. Some is 
extracted from the cobalt glance of Queensland, and from New Cale- 
donia manganese ore containing about 2 per cent of cobalt oxide. 
Cobalt is nearly alwaN'S associnled willi nickel. 

Metallurgy.— Metallic cobalt is obtained as a grey |)owder by strongly 
heating the oxide in hydrogen. 


The details of the metallurgy of cobah are rather complicaJed- The ore 
is roBstetl to free it from some arsenic ami sulphur, and fiiswl in a blwt- 
fumsce with limeetone and wd as a flux. The iron passes into the sla? 
and impure arseni<le anci ontimonide of nickel and cobalt (spew) settles 
out. This is gfoiuid, roasted to drive off most of the amenic (and antimony, 
i f nreeent). and then roiiste<l with self . If sil ver is present it is ex tracUxl by 
evanide The r«si<l\ie is boiled with «mrentrafed sulphuric ocid ond the 
•• sulnhatod speias - agitated with water ; the iron, emonie ond antimony 
ere precipiUted with lim«tone. copj>er from the filtrate by sodium wr- 
bonate id the cobalt by so<liiim h>7>ochlorite. which 

Finally, nickel is pracijiitatCKi from the filtrate as basic carbonaw 
bt adding sodium carbonate, the last jiortions being thrown out os peroxide 
by adding a little hypochlorite- 
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The cobalt and nickel oxklee are eold aa sucIi, or roJucefl by heating in an 
electric furnace with carbon end Umeatnno. TIm metal ueually contains 
about I per cent of carbon and 0 015 per cent of sulphur. Tho calcined 
cobalt oxide contains less tlian 1 per cent of nickel and 71-75 per cent of 
cobalt. The metal may also be prepared by (Im> olectrol^-sis of a solution 
of the sulphate, CoSO,. containing animoniiim sulphate and ammonia. 


In the preparation of very pure cobalt compounds* the cobalt is pre* 
cipitated as the cobaltamminc lCo(NH,) 4 C 1 )Cl„ a last trace of nickel 
being precipitated with climcthylglyoxime. 

Properties. — Cobalt is tenacious, silTcr* white with a slight bluish 
east which nickel has not, U readily polished and showa a high lustre. 
Its density is 8*8 ; it is magnetic up to 1100^, and melts at 1495^. 
Cobalt does not oxidise in air at atmospheric temperature and is harder 
and brighter than nickel ; it was used for plating, but is now' replaced 
by chromium. Cobalt slowly oxidises on heating in sir. It absorbs 
59-153 volumes oflo'drogen when finely-divided. The metal dissolves 
slowly in dilute sulphuric acid and concentrated hydrochloric acid, but 
readily in nitric acid. It can become passive in cooled fuming nitric 
acid. 

Cobalt steel (35 per cent Co) was used for permanent magnets for 
magnetos, as these can be made much smaller than carbon steel magnets, 
retain their magnetism much more tenaciously and do not tend to 
become demagnetised. A nickel-aluminium steel with more than twice 
the magnetic coereivity of cobalt steel is now used. Stellite is on alloy of 
chromium, tungsten and cobalt, verv hard and non -corroding, used for 
surgical instruments. Feelel meUil is an alloy of cobalt, iron and 
chromium used for cutlery or electric heating elements. 

Cobaltous compounds. — Cobalt in its compounds has valencies of 1, 
2, 3, and (in impure CoO|)4. The commonest compounds are the 
cobaltous compounds of bivalent cobalt. 

Univalent cahoU occurs in a compbx ion Co(CK), prosent in a brownish- 
green solution, evolving hydrogen at room temperature, formed by re- 
ducing a solution of KaCo<CK)« witli poteasium amalgam. 


Cobtltou ebloridi OoCl| sublimes in blue crystals, Isomorphous with 
cadmium chloride, when cobalt is heated in chlorine, and Is formed as a 
blue mass by heati ng any of t he hydrates at 1 40*. The com mon hyd rate 
CoC]«.6HfO is formed in dark-red deliquescent crystals from a solution 
of cobalt or the oxide or carbonate in hydrochloric acid. The lower 
hydrates with 2 and 1H|0 are violet. The pink solution of cobaltous 
chloride becomes blue on heating above 50* or on adding concentrated 
sulphuric acid, and the solid h^xlratc gives a bluish- purple solution 
with alcohol. (Cobaltous nitrate solution becomes blue ^rith con* 
centrated hydrochloric acid but not with concentrated sulphuric acid). 


A solution of cobalt chloride b a aymjiathciie inky introduced about 1705 ; 
the writing is almost invisiblo but becomes blue on warming tho paper 
before a fire. On standing in mobt air the colour disappean. 
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The old theory that the colour changes are due to different degrees of 
hydration has been revived in a modified form, but the usually accepted 
view is that the blue colour in solutions is due to complex anions : 
2 CoCij ^Co‘* +C0CI4". The CoCl/' ion was shown to migrate to the 
anode on electrolysis. The salt CsaCoCl^ contains Cs', Cl' and C0CI4" 
(tetrahedral) ions (Powell and Wells, 1935 ). 


Cobsltom bromide CoBr,, obtained by adding bromine to cobalt powder 
in eti^er and heating the CoBrnEijO formed, is dark groan ; it forms 
hydrates with 6 (dark*red), 5 (violet*red) and 2 (purple) HsO. Cobaltous 
iodide CoI„ which U black, obtained by heating cobalt in iodine vapour, 
and the hydrates witi) 9 (hgli(*red). 6 <dark*red). and 2 (green) HsO, are t*ery 
doliqueacent. 

(Tobaltouj fluoride CoF,, formed by lieating CoClt in a current of HF, and 
the liydrate CoF4,4H|0 are red (e/. CoCl|). 


Cobaltous oxide CoO, an olive 'green powder and octahedral crystals, 
is formed by heating the hydroxide, by passing steam over red-hot 
cobalt : Co •»> H^O ^ CoO * Ht strongly heating 

the carbonate or nitrate out of contact with air. It ia stable at 1000^, 
but when heated in air forms eobalte*eobaitic oxide CojOi- It dissolves 
in acids to form cobaltous salts, and with magnesium, tine and alu- 
minium oxides forms pink, green and blue coUltiue respectively. 


A solution of cobalt nitrate is used in blowpipe analysis. The ignite<l 
residue on ciiarcoal is moistened with one drop of dilute cobalt nitrate and 
roheate<l. Zinc givee a grttn mass (i?rnmnn’e grftn, a solid solution), 
aluminium a Wue mass {Thtnnnl's blue, AljCoO,). although blue massoa nre 
also produced with phosphates. Magnwia gives a pink mass, a solid solu* 
tion. The compounds 4Co0,3AI,0*, Co|SnO* and CoCrjO* are greon. 
Cobalt salts give a beaiitiful blue borax bea*l. Cobalt chloride gives on 
evanweent red fiame coloration. 


Cobaltoui hydroxide Co(OH), precipiUted by alkali hydroxide from a 
cobaltous salt solution is first bluish -violet, but forms a pink powder on. 
standing in presence of excess of alkali, more rapidly on boiling. The 
blue and pink varieties are different cry.stallinc forms, the pink having 
a brucite Mg(OH), lattice- The moist hydroxide absorbs oxygen from 
air and forms brown 00304. It dissolves in hot concentrate potassium 
hydroxide and separates on cooling as a violet crysUllinc powxler. 

Ceballous carbcaats C0CO3 is rhombohe<lral and Isomorphous w.th 
calcitc. The hydrate CoC0„GH,0 U formed on standing as a pink pre- 
cipitate from a cold solution of a cobaltous salt and sodium bicarbonate 
eaturated with carbon dioxide ; the precipitates with alkali carbonate 
or bicarbonate contain cobaltous hydroxide. 

pink K.Co(C0,),.4H,0 and bright reddwi.-purpic r !ui 

‘^CeWtous mlrat, Co(X03),.6H.0 is forme<l in puik slightly dch- 
qurscent monoclinic cry.stols from a solution of the metal, oxide or 
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carbonate in dilute nitric acid. There are also hydrates «itl' 

SHoO- The slightly pink Anhydrous salt is formed (Guntz and Martm, 
1909) by the action of concentrated nitric acid and NjO* on the hexa- 
hydrate (which decomposes on heating to form Co^O^). 

OoUltcus sulphide CoS is formed as a black precipitate by ammonium 
sulphide, or hydrogen sulphide In presence of sodium acetate. Although 
not precipitated by hvdrogcn sulphide from acid solutions, it is insoluble 
in dilute acids but soluble In concentrated hydrochloric acid and aqua 
regia. Precipitated cobalt and nickel sulphides are ap|>arently the 
hydrosulphidea Co(SH). and Ni(SH),. which absorb oxygen on cx. 
posure to air and form sulphates (Middleton and Ward, 1935). 

CobaU disulphide CoS, |wipitotod by >'cnow ammonium sulphido from 
a cobaltous solution, or formed by heating CoS and sulphur, contains 
6 /tnfenf cobalt iDe Jong and t\illianui, 192?). 

Cobaltous sulphate CoSO^, obtained anhydrous by heating a hydrate 
at 250*, boiling it with concentrated sulphuric acid, or heating it with 
ammonium sulphate, is a palcreddUh or Uvonder-eoloured powder, 
consisting of small rhombic crystals. All the hydrates arc pink or red. 
The common hydrate. CoS04.7HtO. crystallises below 44" from solutions 
of cobalt the oxide or carbonate in dilute suljihuric acid ; It is mono, 
clinic, isoroorplious with FeSO^.THjOand NiSO^.THjO. and efflorescent, 
m. pt. 97". Between 44" and 70" tnonocUnic CoSO^.OHtO isomorphoua 
with ZnSOi.SHjO crystallises, and above 70" CoS04,H,0. the solubility 
of which decreases with rise in temperature, j>oured into con- 

centrated sulphuric acid, a solution precipitates as CoS04,4H|0. 

Red douWs suJpbsu* MJ,Co(S04),.OH,0 (M* -K. Rb, Cs. NH*. m a« 
readily formed ; they belong to the schbnito group (p. 929) and are 
all monoclinic and isomorplious (also with corresponding compounds 
with bivalent Ni, Fe, Zn, Cd, Mg, etc.). 

Ammonixirn thiocyanate gis-ee with a cobaltous salt solution (osiwially in 
presence of acetone) a deep-blue colour clue to CotCNS)*", extracted by ether 
or amyl alcohol ; from the aqueous solution a bltie salt <NH*),(Co{CN 8 ) 4 ] 
con be crjatallised. A mercuric salt and a thiocyanate with a cobaltous 
solution form a deep-blue cr>'Stalline precipitate of ColHgtCNS)*]- 

Cobaltic compounds.— There is much confusion about the higher 
oxides of cobalt. The dark-brown or black powder formed on Ixeating 
cobalt nitrate (sometimes described as Co,Oj) « cebsllo-cobsitic oxide 
Coj04. ocUhedral, with a spinel structure. Co”(Co*”0,),. also formed by 
heating CoO or 00,0, at 6O0M0O" in air. Unlike Fe404 it is non- 
magnetic. The black preci|utatc from cobalt solutions by hy-pochlorite, 
alkali and iodine, hydrogen peroxide or ammonium persulphate U 
hydrated cobslbc oxide Co,0„ although some dioride Co^'D, is formed by 
adding a further quantity of hypochlorite. 
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Ddfinite hyd rates of CO|0» vith I. 2 and f H,0 are claimed from breaks 
in the debydration curve. GobaUatas, crystalline BaCo^^O,. derived 
from are described {percobaUitea, Qo^Ot or Co(CoO|)|. are de* 

rived from CojOj). 

Another cobaltic compound is eobsldc fiuorideCoP*. a green solid formed 
by the action of fluorine on CoCl, at 150^ ; a green hydrate 2CoPa,7H|0, 
decomj>ose<l by water* is formed by electrolytic oxidation of a solution of 
('oP| in 40 per cent hy<irofluorie acid (Barbieri, 190^28 ; Ruff and Ascher» 
1929}. Blue cebsltic cyanids Co<CN)> and rad Co(CN}a,2H|0 (Rayi l933-f}. 
and cobslbe sulphide C'o,S, formed from the elements at $50^— 109^* are known. 

Cobaltic sulphate Co,(S 04 ) 9 *lSH 20 U deposited in silky blue needles 
by electrolytic oxidation of a cooled saturated solution of CoSO^.TH^O in 
40 per cent sulphuric acid ; it forms blue cobaltic alums MCo(S 04 )s»I 2 H |0 
(M -Na, K, Rb, Cs, NH*) tvhich (like the sulphate) are rather unstable, 
evolving ozonised oxygen in solution (Marshall, 1801). AJl simple 
cobaltic salts arc powerful oxidising agents. 

^Vl)en hydrogen jieroxHla is added to a sus{)ension of cobaltous hydroxi<Je 
the filtrate is acid and gives a green colour with KHCOj. It has been aup* 
|)oie<l to contain cobaltic acid HjCoO|. or a complex cobaltic comi)0»ui<l 
lCo(KCO,)il,0, or a comijound Cot'Oj.Co^O,. or a complex cobaltic car. 
bonftte Co(Co(COj)>). 

Complex cobaltic compounds.— The commonest cobaltic compounds 
are complex, the most important being the cobalUmmincs, the cobalti- 
nitrites and the cobalt icy anides. 

Precipitate<i cobaltous hydroxide dissolves in excess of ammonia to a 
yellowish, brown solution which deposits cobaltous hydroxide on 
dUution. On exposure to air the solution absorbs oxygen, more rapidly 
on boiling or heating with lead dioxide, and forms a pink solution of a 
eobalumimna More than 2000 compounds of thU type are knoun. 


The following are typical : 

ri) A solution of ammonitim carbonate ami ammonia is ad<led U» cobalt 
nitrate solution and air is drawn through the violet liquid : 
and a blood-rod aoluti.m of the eom|»oi.nd Mntmmme-c^rhonato-c^U c 
niLte ICo(NM,) 4CO,IN’0, is tonnod* which gjv« purple crystals (with 

On"a*cVldSdng^^^^^ hydrochloric acM, healing wllh 

oxc^.“nmonl^»na«ldm,rco„c«...™.o.lhyd^ 

in a proasure ^ttle, adding hy.lrochloric acid and cooling, htnjmmme^ 

adil'tion of concontrate.! hydrochloric acid proc.p.taUe agao-pc-Mm-m..* 
cobaltic iriddoride lCo(^'H,^»H,0^1,. 

Ccbalticyaaid« contain the very stable complex anion Co(CH 
coLiiiing S-vnlcnt cobalt. Potassium cyanule gives with a cobal 
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solution a recldish-broNvn precipitate of cobaltous cyanide Co(CN)2,3HjO, 
soluble in excess to a yellow solution of poUsaium cebaltocyanida 
K^ColCNli, containing 2- valent cobalt and analogous to ferrocyanide *, 
this is precipitated as an amctliyst^colourcd powder by alcohol. On 
adding a little acetic or hydrochloric acid to the cobaltocyanide solution 
and boiling in a dish for a few minutes, oxidation occurs and potasimm 
eoUlticysnide KsColCN),, containing 3* valent cobalt and analogous to 
ferricyanide, is formed (Gmclin. 1827), and an equivalent amount 
of hydrogen peroxide is formed by autoxidation : 

2Co(CN)/'" +0,+2H,0 -200(01),"’ + 20H' 

Potass ium eobalttcyanide forms stable yellow crystals isomorphous with 
the ferricyanide. With silver nitrate it gives a white precipitate of silver 
^cobalticyanide AgjCo(CK), and with cop{>er sulphate a blue precipitate of 
cupric cobaltieyanUle Cu»(Co(CH)«) 9 . from which by precipitation of the 
copper by hydrogen sulpliide eolourteas cr>*stalllne bydxocobslUeysnic arid 
is formed. Cobaltkyanidea give no roactions of cobalt or 
cyanides and are not decomposed by concentrated nitric acid or hypo- 
chlorite. 

Cobriboitrita contain the complex anion Oo(NO,),’" containing 
3*valcnt cobalt. Potassium nitrite gives vrith a cobaltous salt solution 
acidided with acetic acid a yellow precipitate of petaniiua cobaltuibiU 
K,Co(NO,)| iFischer'$ saU), sparingly soluble in water : 

Co" +7N0,’ +2H -Co(NO,), ' +N0 + H,0. 

This is formed only in acid solutions, otherwise the mbsltealtriu 
K|Co(KO,)|» containing 2- valent cobalt, is produced. The cobalt! • 
nitrite is less stable tlian the cobalt icy anide and is decomposed by 
ammonium sulphide. It is used as a yellow pigment ( / ndian . or cobalt, 
ydlow) and in painting porcelain blue. 


A reagent for potassium is prepared by dissolving $0 gm. of cobalt nitrate 
and 50 gm. of sodium nitrite tn 150 ml. of water and adding JO ml. of glacial 
acetic acid. The addition of eilver nitrate malees it more sensitive, as the 
salts K,AgCo(NO,), and KAg|Co(NOt)« are lees soluble than K}Co(NO,), ; 
I part of potassium in 10,000 of water may be detected. 

A compound of tervalent cobelt is eotalti'a-aitroso-^iispblbol, formed 
as a brownish 'red precipitate on warming a solution of a cobaltous salt with 
a solution of a*nitroso<^<naphthol in acetic ecid. Nickel is not precipitated. 



If the Co^ is converted into Co™ by precipitating cobaltic hydroxide by 
alkali and H,0, and dissolving this in acetic acid, precipitation of 
Co(Ci«HaO«N),,2HtO is quantitative. 
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Nickel 

History. — A coin of ilie Ba(*triiui king Kiitliyilemos (235 B.c.) contoiivA 
77*58 per cetit of coj)|)er and 20*04 per cent of nickel, and alloys of copiier. 
sine and nickel seem to have been used in Cliina before this date. TJie 
German minere obtaine<l a mineral rcsentblittg copper ore from winch no 
metnl could be exlracte<l. and to this the name kupjer-nxcktl (i.e. false* 
copper *') was given by Hiame (1C94). In 1751 Cronstedt obtained impure 
metallic nickel from this ore and the proi>ertios of nickel were invcetigated 
more thoroughly by Bergman in 1774. 

Occurrence. — The chief ores of nickel arc the cobalt ore maltiU 
(Ni,Co,Pe)As 5 , cAfoanMiVe or U'AtVc nkM ore NiAs,, kup/er^nicM or 
niceoliU NiAs, nickel fffanc^ NiAsS, mf/^cW/e NiS, annoberffiU or nicAd 
Moom Ni,(A904)j,8H,0, and the important ores (famien'U (Ni,Mg)Si 03 , 
iHjO found in New Caledonia, and penflam/iu (Fc,Ni)S containing 
about 22 per cent of nickel found at Sudbury, Ontario. Nickel ia 
found in meteoric iron, and is also obtained as a by* product in elec* 
trolytic cop[)er reBning. 


Metallurgy .—The Sudbury ores (the most important) contain 
pentlanditc, ch8lcop>Tite CuFeS, and p>*tThotite Fc,S>. wliich are partly 
separated by flotation. The pentlanditc with some chalcopyrite is 
roasted, smelled and besscmcrisctl, yielding a mafte containing copper, 
nickel and sulphur, with a little iron. This may be worked up to give 
tnonel me/al. containing nickel and cop|>er with some iron and manganese 
and resembling nickel in colour and properties. 

If the fwt/U is melted with coke and saltcake (which form sodjum 
sulphide) and poled, two strata separate (Or/ord proceee). The upper 
layer contains sodium and cuprous sulphides, the lower layer nickel 
sulpfiide NiS. The lower la.wr is purified and is roasted to nickel oxide 
NiO, which is reduced by heating strongly with carbon. 

Nickel is extracted from Canadian MaUe by the Mood carlwayl proews, 
worked in South Wales- The roasted ma/fe (still containing some 
sul|>hur) ia leached with dilute sulphuric acid to remove copper, which js 
converted into blue vitriol. The residue is reduced at about 300 ^ 
350® bv water gas. Nickel oxide but not ferric oxide is redu^ by 
Mro^en at thif temperature. The mass is next passed at OO .clown a 
tower provided with shelves and carbon monoxide is paased through, 
when volatile nieW csrbcoil Ni(CO), is produced. The gas containing 
thia is passed through a decomi>oscr heated at 150®- 1 80 . Doconipwi* 
tier, of^ the carbonyl occur* and metallic nickel is 

pellets kept stirred, the carbon monoxide passing back '<> '‘’‘“•‘''“Jg 

Ji Ni +4CO. The nickel ia 91**8 per cent pure : it contains 0 00 

ner cent of iron, 0*09 per cent of carbon, and traces of sulphur and silico. 

Ef 
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block being used as anode and a tlxin polisliod sheet of pure nickel as 
cathode. The anode mud contains platinum metaU (which arc ex* 
tracted). The same process is used in nickel-plating, a thin layer of 
copper being first deposited on iron or steel goods. 

Metallic nickel is silver- white with a grey tinge, is hard and malleable 
and takes a high polish. It is magnetic below 340^. Nickel is fairly 
resistant to pure air but in town air conUining acid and soot it rapidly 
tarnishes and acquires a green patina of basic sulphate, so that nickel- 
plating is now covered with chromium. The metal is resistant to fused 
alkalis and is used for crucibles ; containers for milk have also been 
used. Nickel oxidises only very slowly when heated in air and decom- 
poses steam only very slowly at a red heat : Ni *NiO + 


Finely- divided nickel absorbs 17 tiraes ita volume of hydrogen and acts 
as a catalyst in hydrogaoation reactions, the absorption of hydrogen by 
liquid oils containing glycerol esters of unsaturated fatty acids. When 
treated with hydrogen at ISO* to 250* in preaence of finely -divided nickel 
these take up hydrogen and become solid fats. A black solid nickel bedrid* 
NiHt. also cobalt hjilride CoU| and iron bjdndss FeH, and FeUa, are deecribed. 
They are formed by passing hydrogen into a solution of magnesium 
phenyl bromide in ether containing the coireeponding chloride of the 
metal. Melted nickel at 2100* diseolvee carbon, but this is deposited on 
solidification and no carbide is obtained (c/. Fe)« 

Nickel is used chiefiy to make nidetl sfcel, usually containing about 3*5 
per cent of nickel, or nickel crucibleaand tubes, and alloyed with 75 percent 
of copper for coinage. An alloy of copper and nickel is used for coating rifle 
bullets. Nichrom, an alloy of nickel, iron and chromium, molts at a high 
tsmporaturo and is used for electric resistance hoatoie. German tilvtr ts an 
alloy of copper, nickel and zinc. A similar alloy has long been used in 
China under the name pakian^. 


NxCKgli COMPOUKOS 

Nickel dissolves m dilute nitrio acid to a green solution, The colour 
is that of the nickel ion Ni * or [Ni(H|0)«j" and is shown by all simple 
salts of nickel. Nickel becomes passive in conceotrated nitrio acid. 
In its common compounds nickel ie bivalent. It is ter valent in 
NigOj and quadrivalent in NiOj. 

UnivalerU nkkel is present as K«Ni<CN), in the deep-red solution 
formed by besting K|Ni(CN)« solution with zinc, from which NiCK is 
precipitate by acids. The compound K^Ki(CN) 4 , prepared by the actioo 
of excess of potassium on KfKilCN)^ in liquid ammonia, contains sero- 
vaiettt nkkel (Esates and Burgess, 1942). 

Kicksl ehlcdds NiCl^.flHiO is produced by dissolving the metal in 
aqua regia and evaporating. On heating, the deliquescent green 
crystals form yellow anhydrous NiCIf 

Alkali hydroxide gives with solutions of nickel salts an apple-green 
precipitate of &iek«l hjdioBds Ni(OH){, insoluble in excess but somewhat 
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soluble in ammonia and soluble in ammonium salts forming blue solu* 
tions, from which Ni(NH3)4Cl2 and NilNHa)^04,2Hj0 may be obtained 
in blue crystals. On heating the hydroxide nickel monoxide NiO is 
obtained as a green mass ; this is also formed on strongly heating the 
nitrate, but at a lower temperature a black sesquioxide Ni^Os is formed, 
which liberates chlorine when dissolved in hydrochloric acid. The 
black precipitate formed by the action of chlorine or hypochlorite on a 
suspension of nickel hydroxide contains the hydrated dioxide NiO, and 
hydrated Ni^O^. Nickel hydroxide is not oxidised by atmospheric 
oxygen or hydrogen peroxide. 

A green hyclrate of nickel peroxide NiOpxHaO is precipitated by adding 
cooled alcoholic potash to a strongly cooled mixture of nickel chloride and 
hydrogen poroxkle : it forms hy<lrogen peroxide with acids. Nickel 
tetroxitle Ni04 is said to be formed by the 01001^013*$^ of a hot solution of a 
nickel suit containing chromic acid and alkali pyrophosphate. 

Nickel carbonate NiCO^.bH^O is obtained as a green precipitate by 
adding nickel sulphate to a solution of sodium bicarbonate saturated 
with carbon dioxide. The precipitate formed with sodium carbonate 
contains nickel hydroxide. 

Hlcksl nitrau is formed In grass*green crystals NiCNOal^OH^O on 
evaporating a solution of the metal or oxide in dilute nitric acid ; it is 
very soluble in water. The anhydrous nitrate cannot be obtained by 
heating the hydrate, which decomposes (sec above), but is formed by the 
action of fuming nitric acid and nitrogen |)entoxide on the hydrate : 

NilNOjl^SH^O +CNA + 12 HNO,. 


Nickftl sulphide NiS is formed as a black precipitate when ammonium 
sulphide is added to a solution of a nickel salt. It dissolves slightly in 
excess of ammonium sulphide, forming a dark.bro>m solution from 
which it is precipitated by boiling, exposure to air, or addition of acids. 
Precipitated nickel sulphide easily oxidises when moist on exposure to 
air. unless precipitated by boiling a nickel salt solution with sodium 
thiosulphate, when it is much denser. It is insoluble in dilute acids 
(although it is not precipitated by l^tlrogen sulphide from acid solutions) 
but dissolves in warm aqua regia. It is supposed that three different 
forms of nickel sulphide arc precipitated under different conditions 
(Thiel and Gessner, 1914 ). 

Nickel sulpBsu is obtained in bright -green crystals NibU|, 7 HjU 
isomorphous with Epsom salt from solutions of nickel oxide or basic 
carbonate in dilute sulphuric acid. On prolonged ex^ure to jijr tho 
ereen crystals effloresce to a blue or bright-green hydrate w^th 6 H ,0 
^ formed on heating «ith the saturated solution at 54 ) ; »bove 2 ^ 
ycllou- anhydrous NiSO, is formed. Like ferrous sulphate mekel sul- 
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phale readily forme double salts, the most important being the bluish* 
green nickel sulphate (NH^)^Ni^04)j.6Hj0 used in electro* 

plating. 

In the separation of cobalt and nickel In <(ualitative anal>*«is use is made 
of the fact that cobelt forms a sUble eohelticyanide K,Co(CNU (P* 
whilst nickel forms only the bright*red nickelocyanlde K>Ni(CN)yHjO, 
not oxidised by boiling In air, easily decomposed by acids, and oxidised to 
black Ni,0, by h>-pochlorit«. Nitrite forms a soluble K»Ni(NO,)„ but if 
calcium is present K,CsNi(NO,), is precipitated and could be mistaken for 
potassium cobaltinltrite (p. 045). A very characterisUc nickel compound 
Is nickel dimeUiylglyottBe formed as a bright-red cr>tUlline precipitate by 
adding a slight excess of «-<limethylglyoxime and then dilute ammonia 
to a solution of a nickel salt. It may be dried at 115* and weighed m the 
gravimetric determination of nickel. TJiis compound contains 4-covelent 
nickel, the four valencies being In the same plane as the two rings i 

,OHOv 

CH,-Cx=N< >N=C<H, 

I > Ni I - 

CH,C=NC >N»C*CH| 

\OH 0^ 

««diphenyl|ly oxime b an even more sensitive teat (I of Ni in 10*) for 
nickel than diraethylglyoxime (O-Ol mgm. Ni). A yellow precipitate ia 
formed on addition of dicyanodiamida (CN),(NH,), and then potassium 
hydroxide to an acidified soludoa of a nickel ealt. 

The compounds BaM"(CN)4.4H,0 (Mn*NI. Pd. Pt) are isomorphous 
and tlie valencies in the ion {M‘i(CN),r ‘ (P* ^22). ThU leiulta 

from dap* hybridisation of oned» one sand two p wavo functions or orbiUls 

(P* 430): 3d 4a (NI electrons* •, 


Ni 

Ni**- 

lNi(CN),]-" 


CN' electrons* . 
vacant orbitals * 0) 


A Mrahtdral arrangement resulU from d»s or *p» hybridisation, whilst 
dttfp* gives six ociuhviral bonds (p. 423). 

The stomic weights of cohslt sad aicke) are nearly the same but that of 
cobait ie sliglitly higher, whereas the atomic numbers are in the reverse 
order. The elemenU Fe. Co, Ni, however, have alwaya been placed in 
this order in the Periodic Table because of the gradation of physical 
and chemical properties, and because of the resemblance between 
cobalt compounds and those ofrhodlum and iridium, elemenU occupying 
corresponding places in the other two transitional groups. The atomic 
weighU of cobalt and nickel have been found by the reduction of the 
oxides, chlorides and bromides in hydrogen, and from the ratios 
CoCl, : 2AgCI and NiBfj : 2AgBr- The valencies Mow from the atomic 
beats and the vapour density of Ni(CO) 4 , as well as the isomorphism of 
cobalt and nickel compounds with those of other elements. 
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TbE M£TAli CUSBOKVIS 


Th# metAl cafboD^ls proper are covalmt compounds of metale with 
carbon monoxide. They form iwo main groups : 

{A) Volatile, \inunolecular, very soluble in non-polar solvents such as 
benzene. 


Cr(CO)« 

Mo(CO)« 

W(CO). 

while eT>'st4b, 
rolhrf AUble 
abO iDfrt 


Fe(CO), 

yeOowlMId. 

Ru(CO)t 

cekMricf* Deald 

Oe(CO), 

eoleurkw liquid. 


Ni(CO>, 
coteart m UquM« 


iB) Noa'Tolatile, all solid, polymerised, sparingly soluble in non-polar 
solvents. 


(Mn(CO)J, 

ycUow 

lRo(COKl, 

rOlOUTUuS 


Fe,(COh 

yellow, deeottp. 
At 100* 

B«t(CO)e 

OTADso'yeUp* 

Os, (CO), 

brifSi'yeUow 


(FetCO),], 

dark'sre^. deconp. 
At UO* 

fCo(CO).l. 

ocAi^. deeoftp. SS* 

(Ru(CO>,), 

frees 

lRh(CO),l, 

orAAfe>)‘elloir 

JIHCO),], 

ir<irnlih yfllriw 


[re(CO),l, 

nti 

[Co(CO),l, 
blick. deconp. tl eo* 
[Rh(CO),l, 

red 

CRh,(CO)iil, 

tliek 

[IP(CO),], 

yellow 


Genera) methods of preparation of metal carbonyls are : 

(i> The action of carbon monoxide on the finely^ ivided metal at modemte 
temperature, in entire absence of oxygen. Except with nickel and iron the 

reaction is carried out under pressure. 

(ii) The action of carbon monoxide under pressure on metal haUdss, 
in presence of copper or silver as halogen acceptor. 

(iii) The reaction between the anhydrous meUi chloride and phenyl 
magnesium bromide C,H,MgBr (Crignard reagent) in <lry Mher. follow^ 
by passing in carbon monoxide gas and then hydrolysis. (This is the only 
method for chromium carbonyl.) 

The most important carbonyls are nickel carbonyl Ni(CO), (discov^ by 
Mend Langer and Quincke in 1888) and iron pentacarbony'l re(CO), (dis- 
covert by Berthelot, and by Mond and Quincke, m 1891). 

Nickel ctfboayl Ni{CO)* is a colourless strongly refracting liquid. 
bv oaseing carbon monoxWe <A'er reduced nickel at 30 . It boils at 43-2 . 
m^ pt - 25% And gives the normal moleculap weight either as 
^‘solutiim The pure vapour explodes at 60*. carbon being deposited : 
Ni(CO) ^Ni 4- 2C. A mixture of the vapour and air is po^nous 

li Nickel carbonyl » beet prepared under pressure, 9Ay Jw 

*whieh is favourable to the carbonyl side of the equilibrium : Ni + 

4OTUNi(CO).. Atthispre«ured«ompo,i.iondoe<inotoccur.v.n»t250 . 

The equilibrium eoneWnt i. [C01V[Kiiroi.l . 

Nickel carbonyl is not decompoeed b> “^'(COl. + Br,* 

acid, or alkalis. It is rapidly decomposed by halogens . N.(CO). + B. 
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NiDr, + 400 : dry h>'drogen ehloHdo and bmmIJo react very slowly but 
dry liytfro^n joilide rcacde as follo'^’e : NdOO)! * 2H1 s Nil| + + 400. 

IrOD earbonyU.— Wlivn carbon Tncmi>xi<le ht ]iaaac<i o\*ar linoSy'dividad 
iron at 130 » iroa pcaUcaibooyl Po(CO)t is procliiood. It Is a palo-yellovir 
viseuiifl liquid, b.pt. 102 5% m.pt. - 20^ Tlie va|K)ur is decomposed on 
piLssing through a tube lieatad to a mirror of motallic iron being de* 
posited. The va})our density at 139* and the freezing point of the solution 
in benzene correspond with the above formula. Iron {>entacarbonyl is de- 
comi>o3ed by air ami moisture ami by acids : FelC0>i + Hf<S 04 = FeS 04 + 
SCO + H). On exposure to light, diferro-aeasesTboByl Ke9«X)h ie formed, 
the reaction being roverse<l in darkness : SPe(C0)4^Fes{C0)» + C0. 

Fes(C0h forms orange cryeUls, decomposing on heating: Fea(CO}»s 
Fe(C0j« -r Fe + 4C0. If a solution of Pe,<C0b in toluene is heatod to 50* 
it becomes intensely green and green crystals are «iepnsited, which are a 
polymerised form of iroa tetraesrbmyl [Fe<CO)4la. Iron pentacarbonyl is 
formed in traces when >vater*j?aa is passed through iron pi]>es or coal gas 
is stored under pressure in iron eyii ndere. Such gas deposits FejO^ on 
incandescent mantles in gas burners. 

>Vhen iron |)enUcsrbonyl is <lis9bdved in barium hydroxide and the solu- 
tion acidihed, iron esrboayl hydride H^FelCOlt is formed, wliich can be 
distilled in vacuum ; it is acidic ami a strong reducing agent : 

FeiCOU + Bo(OH )4 H,Fe(C0)4 BaCO,. 

A similnr cohsJt eurbofiyl hydride HCo<CO>i is formed from cobalt 
carbonyl (Co(CO)di in (lie same way. 

Tn Che metal carbonyls the CO is linkeil covalently to the melal atom by 
the unshared pair of electrons on the carbon atom : 

:C: ; ;0; 4-C=0 


e.g. 


OCM 

OC-^ 


f:«-C0 

‘«-co- 


Langmuir (1921) jxiintod out an inlerosting relation 


betvveen the ej^eefire otoinie nuinbtr (B.A.N.)«no. of electrons of metal + 
electrons donated by CO, and ilie electron sli^b of the inert gas at the end 
of the period in w'hich t)ie metal occurs : 


K.A.M. 

Ni(C0)« 26+ Kr 3$ 

Fe(CO)» 20+ 10 e 36 Kr 96 

Ru(CO )4 4+4. 10 « 54 Xe 54 

W((rO )4 74+ 13 = 60 Rn 66 


Since cobalt has 27 electrons it cannot form a carbonyl with an inert gas 
structure, but can form a aiCrtsocvbesyl Co<CO)»(NO) by the donation of 
the odd electron of the NO to the metal to form 26 elec^ons, as in nickel, 
the residue of the NO and three CO molecules tlien forming coordinate links 
with four pairs of electrons. Co(CO)4(NO) is thus analogous to Ni(CO )4 and 
the two molecules have tetralisdral structure^ and very eimilar propertiee. 
Fe{C0)i has the structure of a trigonal bipyramid (p. 426). 

The structures of (he higher carbonyls are mostly unknown but Fe,(CO)| 
is shown by X*ray analysis to liave 6 CO melecides linked by coordination 
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uiid 3 CO groups joining the iron fttoim by ordinerj* cArbonyl linkegea 
(Powell and Ewene, 1039) : 


O 

0 


«S. A 

C->Fe<-CO 

Nx) 


The carbonyl hydrides H,Fe(CO), and HCo(CO)4 are tetrahedral and are 
supposed to be Fe(CO),(COH), and Co(CO),(COH), with Uie structure 
M r C : ; : 0 : H for the COH linkage, the hydrogen being easily lost 
(Kwens and Lister, 1939). 



CHAPTER XLVIII . 

GROUP VIII METALS : THE PLATINUM METALS 
Thb two triads 

44 Ru 45 Rh 46 Pd 

7C Oa 77 Ir 78 Pt 

ineludo meUls all found in native platinum and hence called the 
platinum mtlaU. Like other transitiona] elements they aliow varyinjf 
valencies and ruthenium is notable in showing all valencies from 1 to 
the maximum 8. The valency 8 is shown by osmium in OsF, and 
OsO^ and by ruthenium in RuO^, these compounds being all volatile, 
One or iwo valency states are usually most stable for each metal (see 
p. 013): the common palladium compounds are PdX, containing 
bivalent palladium ; ruthenium and rhodium are most stable in the 
compounds RuX^ and RhX, containing ter valent metals ; platinum 
ferms sUble compounds PtX, and PtX« in which it is bivalent and 
quadrivalent. The platinum metals form many coordination and 
complex compounds : 

KjfPt^CI*) [PtTHNH,)4p, K,[Pd>i(CN),] 

K,[PtJVCl,] [Pt*nNH,hn Ba[PtJ»(CN),). 

Although the platinum metals are often regarded as " noble metals 
like gold, this applies strictly only to platinum itself, since the other 
meUls (especially if finely divided) all oxidise more or less when heated 
in air or oxygen, and ruthenium and osmium bum in oxygen on heating 
forming the volatile RuO^ and OsO^, and iridium oxidises to a mixture 
of oxides. 

PLSTlVOtf 

History.— Hieroglyphs on an Egyptian box discovered at Thebes, dating 
from the seventh century b.c., wore found by Berthelot to be composed 
of an alloy of platiniun, iridium and gold. ScahgM^ (1657) says there was 
found in Mexican mine* a metal " which no fir© or art of the Spaniards can 
bring to liquefaction," and this metal is again mentioned by Don Antonio 
de UUoa, who visited Mexico in 1736. Specimens of platinum (called by the 
natives phtina dt pinto) were brought to Europe from Colombia in 1741 by 
Charles Wood and examined by William Brownrigg in 1760, by Lewis in 
1764, by Marggraf in 1767, and by Bergman in 1777. Platinum foil and 
wirs were fiiet made in 1774 by Count von Sickingm, an ambassador in 

063 
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PariA, and in 1606 they were sold in X^ndon for chemical purposes at 16s. 
an ounce. 

Occurrence. — The deposits are in tlie Urals (discovered in 1823), 
California. Colombia, Borneo, and Australia (especially New South 
Wales) . Platin u m metaU in the nickel ores of Sudbury , Ontario (p. 946) , 
are extracted on an important scale as by* products in the Mond nickel 
process. Platinum occurs in several hard rocks in South Africa, but the 
native metal is usually obtained by washing alluvial sand^and gravels. 
The concentrates are metallic grains or small nuggets, which in a 
Russian specimen had the following composition : 

P*Ut. Own* 

Platinum Iridium Rhodium dium Gold Copper Iron iridium Sand 
704 43 0*3 1*4 0*4 4 1 11-7 0 5 1 4 

Oimihdiua U a native alloy of oamium and iridium with email amounts 
of other metaU : 

Oemium Iridium Platinum Rhodium • Rutbamum 

272 55-2 iOl 1*5 6*9 


It is insoluble in aqua regia and is very hard, so that it is used for the ^ps 
of the gold nibe of founts in 'pens. 

The gold is extracted from native platinum by amalgamation and the 
platinum metals digested with aqua regia. Osmiridium remains un- 
dissolved. The solution is evaporated to dryness and the residue bea^ 
at 126®. Palladium and rhodium then form the lower chlorides PdClj 
and RhCU. On treating with water, PdCl*. platinic chloride PtCl^and a 
little iridium chloride IrCI^, dissolve. The solution is acidified with 
hydrochloric acid and the chloroplatinic acid H,PtCl« 

ammonium chloride as the sparlnglysolubie ammonium salt {NH4),«tV 

The other metals remain in solution. On heating ammonium 
platinate it decomposes, leaving spongy platinum. If this is he^ 
to rednew and hammered the sponge welds into a coherent mass. The 
metal may also be fused in the oxyhydrogen flame or m the oleclrio 

^'*ProMrtief —Platinum is a tin-white metal of high density 21-4, and 
hiirh I^ltine point 1769”. It can be welded at a bright-red heat and may 
be^roUed or^tSt'vn into wire. Very fine wires (WojlMton iws), down 
to O-OOl mm are drawn inside a silver sheatb, which can be diuolved 
ff iroitric acid or by making the u-irc the anode in a sole .on of 

potassium argentocyardde. ^ 

carbon and phosphorus at a red heat, becoming brittle. 

A smoky flame should not be useii with platinum crucibl®. 

• I,„l,n.nhate ienited along with the tiltor-paper, since in tha caM 
nesium platinum is not altaekoH on heating m air 

phosphorus IS set ^ ^ j , ^p, viably and bocomoe grey an.l 

but some comm^-1 ^‘'appjiiably volatile at I30U\ or e^■en 

rough aftOT ^ Platimu/which ^ine in weight on bentmg 

at * 00 - when ex^ ^ible meuls such as tin and lead mail.ly alloy 
:’“trn;. casing it to fuee. and compound, of th«e meUtle mi.t not 
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bd heat«d in platinnn) crucibles with fl)fer*paper. Fused caustic alkalis, 
sulphides, and sodium peroxide also attack platinum, and it is slightly 
attacked by the fused carbonates, but not by hydrofluoric acid. Fuseli 
li^ium and magnesiuni chlorides, poUsaium cyanide, and nitrates, attack 
platinum. 

Pure platinum U not atUcked by hot concentrated sulphuric acid, 
although the commercial meUl is slightly soluble in it. It is dissolved 
by aqua regia on heating, especially if a Urge excess of concentrated 
hydrochloric acid is added. An alloy of platinum and lead dissolves 
completely In nitric acid. On evaporatine the solution in aqua regia, 
moistening the residue with concentrated hydrochloric acid and re- 
evaporating, cUoroplstiaie seid HjPtCI,,6H,0 is obuined in reddish- 
brown deliquescent crystals, commonly known as “ platinum chloride.'* 
The product may contain Pt(NO)jCi 4 . 


Platinum hM n^rly the same coefficieot of expansion as glass and may 
be sealed into it without causing tracking on cooling- The wires sealed into 
electric lamp bulbs wars formerly platinum, but have been replaced by 
majiganin, by copper coat«j with boron trioxide, or EJdrod'a wire, which has 
a core of nickel steel, a jacket of copper and an outer sheath of platinum or 
a fused film of potassium borate. Platinum is used in dentistiy and in 
making jswslJery, especially as a sstting for diamonds. It is used for 
electrical conUcU and as a caul)*st in the manufacture of sulphur trioxide 
and tho oxidation of ammonia. Tantalum has been proposed as a substi- 
tute for platinum in electrical contacts. 

Platinum tpen^ k a grey porous form obtained by heating ammonium 
chloroplatinate. Platinum black k a finsly-divided powder obtaine<l by 
reducing a solution of chloroplatinie acki by sine, or with sodium formato 
solution. These forms aio very active eatal)HicaUy. AJcohol k oxidised 
to aldehyde by platinum black, on account of iU occluded oxygen, and a 
mixture of oxygon and hydrogen k exploded by platinum sponge or even 
by very clean foil- 

oshtstos is made by soaking asbestos fibres (previously boiled 
with concentrated hydrochloric acid) in platinie chloride solution, dri'ing 
and heating in a crucible with a little ammonium chloride, or reducing witll 
sodium formate solution, Colfoidof platinum k formed as a brown solution 
by causing small electric arcs to pass repeatedly between platinum wires 
wder water, or by reducing a solution of platinie chloride with hydrwine 
m presence of sodium i>ealbate. a protective colloid. The colloidal solution 
IS a catalyst (see p. 195). 


Compounds of plstinum^Pl.tinum foras two of compounds 

“Portwt plalMc ccn. 

CUwoplsttoic «id H,1^,6H,0. the preparation of which is described 
above, w a strong dibasic acid ; it gives aith silver nitrate a yellow 

Ef f Ag,PtCl.. The acid gives t^e ion 

Pt(^ . which on e^troljjis migrates to the anode, altbough meUUio 



95C 


INORCAOTC CHEMISTRY 


[chat 

On heating pota^ium chloroplatinate chlorine is eTol^ed and a 
residue of platinum and potassium chloride is left ; KjPtC4-2KCi +• 
Pt +2Clj- Ammonium chloroplatinate (NH4)jPtC4 leaves a residue of 
pure platinum on heating. Lithium and swium chloroplatinates are 
soluble ; those of Rubidium and caesium are less soluble than the 
potassium salt (p. 715). 

PUtiaie cUoride PtCl^ is obtained aa a reddisb-broum cr>’statljne mass 
when chloroplatinieacid is heated at 369^ in chlorine or 165^ in hydrogen 
chloride. At 390^ in chlorine, greenish 'black plsti&uin trichlonde PtOs is 
obtained, and at 5B0* brouTUsh'green phtiaum dkhlcnde PtCl^. 

Platinum tetrachloride dissolves in water to a ycllonnsh-r^ solution 
which seems to contain a complex acid [PtCi|(OH)«]K|, since it forms a 
silver salt [PtCl 4 (OH)}]Agf. Crystals of PtC]|,5H)0 may be obtained. 
Platinum dichloridc is insoluble in water but dissolves in hydrochloric 
acid to a dark'browm ahloroplatinous arid H 2 PtCl 4 , also formed by the 
action of sulphur dioxide on chloroplatinic acid solution. It does not 
crystallise but forms an amorphous 8o1i<i on evaporation. 

PoiisuuzQ chlorepbtmiie K^PtCI^ is obtained by warming a paste of 
potassium chloroplatinate K^PtCl^ with cuprous chloride. It forms 
dark -red crystals, used in photography. Pa]>er is impregnated vith a 
mixture of kjPtCl 4 and ferric oxalate. On exposure to light the ferric 
oxalate is reduced to ferrous oxalate, and if the paper Is developed in a 
solution of potassium oxalate a grey depa^it of platinum Is formed on 
the reduced parts (“ plat i notype 

When sodium carbonate is added to chloroplatinic acid solution, and 
the residue after evaporation extracted uitb acetic acid, reddish-brown 
plstuic hydroxid*, really a complex compound remains. 

This dissolves in h^'drochlorlc acid to form HjlPt(OH)jCl 4 ) ; silver 
acetate gives with the solution Ag,[Pt(OH) 4 ]. Platinic hydroxide dis- 
solves in potassium hydroxide to form poUnium plitiaat* K,[Pt(OH) 4 ], 
forming yellow crystals. On gently besting Hj(Pt(OH),] black plittaum 
dioxids PtO, is formed. FUtiaum Wotlde is formed when a solution of 
potassium platinatc. Kj?tiOHU], in jiotawium hydroxide is electro- 
lysed and the de|>osit on the anode, KjO.SPtOj, is extracted wi^ cold 
acetic acid ; PtO, is a brown powder which does not tlccoropose H,Oj- 

Alkalis precipitate from KjPtCI* solution black pUtioous hydrorids 
Pt(OH),, probably complex, HjCPttOH)*!, soluble in hyclrocblonc acid. 
This has no acidic properties ; on gentle heating it forms black ptatmow 

iodide does not give with chloroplatinic acida precipitato 
of potassium chloroplatinate, but adark-red clear solution. On heating, 
this deposits black pUhai. iodi^ Ptl,. s^uble m » ^hob Whet, 
diirested with hv<lriodic acid this forms lodepUtuuc sod rr.\x 

taliisine in black needles. Platinic iodide decomposes into iodine and 
niatinum at 130*. PUtinous ioHdt Ptij is obtained as a black powder b> 
icatine platinous chloride with potawium Iodide solution. 

n'lSet, sulphido give-s »ith H.PtCl. a bUok pre^ 

1 Ja soluble in vellow* ammonium sulphide to a dark- brown 

(•NH,),Pt«.Pt.vs.. PU^tinou, give black 

pUiinous sulphide Pt^. 
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Complex platinum compounds. — Numerous complex compounds of 
platinum are known. The pUtiaammines contain molecules of ammonia 
combined with the metal atom as in tlie cobalt am mines (p. 417).; two 
series exist, corresponding with bivalent and quadrivalent platinum. 
Barium plaUooeyaude BaPt(CN)4,4H20 is a lemon«yc)]ow powder used 
for fluorescent screens in X^ray work. Baryta* water and hydrocyanic 
acid are added to chloroplatinic acid, the solution is warmed and treated 
with sulphur dioxide till colourless. BaSO^ is filtered off and the 
filtrato crystallised r 

HjPtCl, + 5Ba(0H), + 4HCX +SO, 

» BsPt(CN)« BaSOi * SBaClf -i- SH^O. 

Magnesium platinocyanidc MgPt(0N)|,3lH}0 is bright scarlet witfx 
green and purple reflected colours, but forms white MgPt{CN)4,2H«0 at 
100 ®. 

Pailsdiun. — When pntassiom or mercuric cyajiide solution is iuI<jo<] to 
the solution of native platinum in aqua regta a palo*)‘ellow precipitate of 
psUsdeus cpsaids Pd(CN)| is obtained, w’hich on ignition leaves motallie 
palladium (Wollaston. 1803). Tlie chief source of palladium is the Sudbury 
(Ontario) nickel ore. The metal is while an<l forms a white alloy with gold. 
Palladium oxidises superHcially when heated in air. becoming eos*erod with 
a blue film of psUsdium Dooobde PdO, reduced again at a higher tempera* 
ture. Palla<lium dissolves in dilute nitric acid forming palUdous nitrate 
Pd(KO,),. and in aqua regia forming ebleropsUsdic arid HtrdCl,. b'lt 
on evaporation pallaclous chloride PdCl, is formed and no simple PdX« 
halides are known. PallA<lium dissolves in boiling concentrated eulphurio 
acid, forming pslUdeus sulphate PdSO«. Potassium iodide precipitates black 
paUsdous iodidt Pd I,, eolubte in excess to a broan solution. The tendency 
to the formation of palladous compounde is noteworthy and should be 
compared w ith tlie s imi lar property of nickel . Tlie abeorpt ion of hydrogen 
by pallmlium has been considered on p. 17 J. 

Osmium snd Iridium ore contained in osmiridium (p. 954). If (his is 
fused with sodium chloride m a current of chlorine, on n k chloride OsClt 
volatilises. The solution of tlie residue in liydrochloric acid is treated with 
h>'drogen ; platinum ajid rutlionium are deposited. When more hydrogen 
is passed through tlie decanteil green liquid, iridium is thrown down 
(Tennant, lS04j. 

Iridium is very liard and is used for the tlpe of gold pons. Iridium 
crucibles resist the action of carbon, phosphorus, and aqua rogia. The 
standard metre of Paris was constructed by Johnson and Mattbey, in 
London, from an alloy of 90 parts of platinum and 10 parts of iridium, 
The same alloy is used together witli pure platinum in makuig thermocouples 
for tlie measurement of high temperatiirea. Since iridium volatilises above 
lOOO*, an alloy of platinum and 10 per cent of rhodium is now used. 

The Ir‘“ and Ir^v compounds are stable, but there is a white iridium 
peaUfluorids IrF,. bidlum tsCrsdiJoride IrCI* is reddish-black, giving a red 
solution from which potassium hydroxide precipiutas dark -red K,IrCl 

This dissolves in excess of alkali to an olive-green solution, which on warming 

becomre bright-green. rose-rod, and violet, then depositing the intensely 
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blue iridium hydroxide From th«© striking colour changes the 

element iridium got its name (from the Greek irU, the rainbow). 

When osmium tetrachloride is precipitated with ammonium chloride, 
and the ammooiain ehlorosmate <NH«),OsCU heated in absence of air, 
metallic osmium la left. The metal bums when heated in air or oxygen, 
forming the volatile osmium tetroxide OSO 4 , m. pt. 40*6^ b. pt. 131 * 2 ^ 
commonly called oamic acid.*’ This U a pate greenish.yeUow crystalliae 
solid, with a very irritating odour resembling bromine. It is very poisonous 
and the vapour is dangerous, attacking the eyes. It is easily reduced by 
organic matter to a black powder of hydrated dioxide OsO, { solutions of 
osmic acid are used in microscopy for staining fat globules. Care must be 
use<l with the solution, as even the vapour from 1 per cent solution irritates 
the eyes and may cause blindness. OSO 4 fonns very unsuble salts with 
strong alkalis, O 804 , 2 KOH| and with potassium hydroxide and ammonia 
it forms yellow crystalline potsssium osmiaiDats : 

OsO, + KOH + NH,sKOsO,N -r 2H,0. 

This has an ion with a tetrahedral structure similar to that of osmium 
tetroxide : 





The yellow solid fluoride OsF| is formed from the elements, and there are 
also OsP, and OsF,. The chlorides OsCl| and OsClj are black and in* 
soluble, OsCI, is red and soluble. The osmyf taiu lill^OsOtCl,] contain the 
radical Os^*Ot and the osmyfosry m/Cs M^alOsOsCIi) the radical Os'^^O,. 

RutbeniuiD and Rbodium.— When the precipitate of platinum and 
ruthenium obtained as deecribed in the preceding section is fused with 
potassium nitrate and hydroxide, potsssium rutbeaste K|KuO« is formed. 
The orange *yelJow* solution of this when distilled in a current of chlorine 
givee brown or >'ellow volatile nitbemum Utroxide RuO«. similar to OsO,. 

Potassium ruthenate K,Ru^lO« is rod and is analogous to potaaaium 
manganate KsMn^^O, (green). When chlorine is passed into potassium 
ruthenate solution, black potsssium psrrutbs&ste KRu^O,, analogous 
to potassium permanganate KMn^'^0,, is formed? 2 K,RuO, -fCIjs 
2 }CRuO« + 2KCI. Potassium perruthenate decomposes on hosting (c/. 
KMnO,) : 2 KRUO 4 * K,RuO* + RuOj + 0,. 

The stable cbloridt of ruthenium is RuCI,, but RuD| and RuCl, ore 
known, and dark*green tuthenium penUfluoride RuF|, this and IrF« being the 
only repreeentatives of the valency 6 among the platinum metals. 

Rhodium is contained in the aqua regia solution of the cnido platinum 
after precipitation with ammonium chloride. If ammonia is added and 
the solution evaporated and ignited, metallic rhodium is left (Wollastoa, 
1804). 

Rhodium is hard, while and brilliant and rhodium plating is U£0<1 m 
searchlight reflectors. It o.xidises superficially to a film of Rh,0, on heating 
in air. The common rhodium compounds, of Rh***. aro rose*rod. The 
rhodium chlorides RhO, RliCI, and RhCI„ and rhodium fluoride RhF,, aro all 
red. Rbedium sulphate Rh,(S 04 ),.l 5 H ,0 forms yellow alums, e.g. CsRh 
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(S04)i>12H,0. Hydnied RI1O9 U fonned ad a <]ecp*bluo precipitate on 
adding alkali to t>»e deop>purplo«olution formed by tho olactrolytic oxida* 
tion of a solution of rhod ium |■a^chlo^ata Rh(Cl04)a in porcMoric acid ; it 
contains O^valoot Rh, tha liighast valextey stage. 



CHAPTER XLIX 


THE INERT GASES 

The inert gases form Group vni6 when they are regarded as closing a 
period, which is in conformity with their atomic structure (p. 410). 
They bridge the gap between the strongly electropositive elements of 
Group I and the strongly electronegative elements of Group VII. 

Since the inert gases have completed groups <2 or 8) of very firmly 
bound electrons they show no tendency to gain or lose electrons^ t.g. to 
form ions (except gaseous ions in electrical discharge tubes), and as their 
electron groups cannot expand they form no ordinary covalent links. 
The only possibility of compound formation is the donation of electron 
pairs by their atoms to form coordinate links. Argon, krypton and 
xenon may do this in forming crystalline hj'drates with CHjO when they 
are compressed with water and the pressure released, the most stable 
being Xe.GHfO. 

That the inert gases are monatomic is shown by the value 1*667 of the 
ratio of specific heats ytJcAV- 126), -and leas certainly by the refractive 
indices, etc. 

The emsjutioas of radium (radon, Dom, 1901), thorium (Ihoroa, Rutherford 
and Soddy, 1900) and actinium (actinon, Gieaol, 1902 ; Dobiemo, 1903) 
are inert gases, since tliey have no chemical propertioe altljough they 
are radioactive. They are isotopes but have different radioactive con- 
stante. Since the inert gases are tlevoi<J of chemical pro(>ertio9 they 
are completely described by their physical pro{>eHiee, given m the table 
below. They are beat characterised by their »poctPo. excited in discharge 
tubes. 



' BebuD. 

ReoQ. 

Argon. ' 

EryplOD. 

ZsDon. 

Radon. 

At. no. 

Electron config* • 
Normal density • 
Crit. temp. • 

Grit, press, (atm.) 
B.pt. • 

M.pt. • • * 

Compressibility A • 

Abs, coeff. in H*0 
at 0“ 

2 

2 

017946 
-267 90* 
226 

-268«87* 

-272* 

.0-0005 

0 00967 

10 

2-9 

0-89990 
- 228- 70* 
26-86 
.245 92* 
-248-52* 1 
.0*0004 

0-0114 

18 

2-8-8 

1-78364 

-122-44* 

47-996 

- 189-25* 

-I- 0-001 

0 0053 

30 

2-8-18-8 
3-743 
- 62-5* 
54-3 1 

-152-9* 
-167* 
1-0-002 

0-1105 

54 

{28)18-8 

5-806 

4 16-6* 
58-2 
-107-1* 
-III-5* 
40-006 

0-242 

1 

86 

(60)18-8 

0-97 

104*5* 

62-4 

-02* 

-71* 

40-018 

0-51 
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Since argon waa the first inert gas (Jbcorcrctl and is the commonest, 
it will be dealt with first. 

Argon. — In 1785 Cavendish, in hU attempts to prove that the nitrogen 
of the atmosphere is all of one kind, noticed a small residue left on 
sparking it with oxygen over potass* 
itiro hydroxide solution. In 1892 Lord 
Rayleigh, in his accurate detennina* 
tions of the densities of gases, noticed 
that atmosplieric nitrogen is slightly 
heavier than that prepared from oxides 
of nitrogen reduced by heated iron, from 
ammonium nitrite, or from urea and 
sodium hypobromite. Norma] density : 

(a) chemical'' nitrogen ■ 1*2505; (6) 
atmospheric nitrogen » 1*2572. Tliis 
difference did not esca]>e such an accu- 
rate observer, and later a repetition of 
Cavendisii's experiment confirmed tlie 
presence of a small unabsorbed residue, 
which did not give the spectrum of 
nitrogen. 

In conjunction with Sir William 
Ramsay, Rayleigh in 1894 prepared 
the new gas ^m atmospheric nitrogen 
in quantities sufficient to permit of a 
careful examination of its properties. 

ISvo methods were used : (i) absorp- 
tion of the nitrogen by red-hot mag- 
nesium (Ramsay) ; (ii) conversion of 
tlie nitrogen to nitric acid by spark- 
ing with oxygen in presence of alkali 
(Rayleigh). 

1. The oxygen of air was absorbed by 
peeaing over red-hot copper and the reei- 
dual nitrogen tlien repeatedly passed over 
strongly diea tod magnosiiun. The nitro* 
gen was slowly absorbed as magnesium 
nitride MgtN,. and the unabsorbed reeidue 
was collected. The apparatus used is 
shown in Fig. 392. The atmospheric 
nitrogen contained in a gasdiolder A was 
passed tlirough dr>*ing tubes and then 
through a tube (?, containing red-hot 
magnesium. The gas was collected in the 
gas-holder B. It u*a8 passed back end 
the process repeated until no further ab- 
sorption took place ; the volume of the 

gas was reduc^ to l/80th. Further treatment raised the density of the 
gas to J9'94 <Hs i). 
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2. A mixture ef 1) vob. of oxygen and 9 vols. of air was passed (Fig. 393) 
into a SO-litro glass globe, provided with heavy platinum electrodes. A 
r« discharge from a transformer of 

€000-8000 volU was passed be> 
tueen the electrodes, and a foun- 
tain of sodium hydroxide solution 
discliarge<l over the inside of the 
globe. WiMi a consumption of 
energy of 1 horse* power, 20 litres 
of gas were absorbed per hour. 
T]>e oxygen was absorbefi from 
the residual gaa by pyrogallol 
and alkali. 

The new gas was distmguished 
from all other elements by its 
entire inertness. It is not ab- 
sorbed by heated metals, copper 
oxide, potassium hydroxide or 
pgrmanganate,sodiumperoxide, 
. ^ , phosphorus, etc,, nor docs it re- 

*P«rkod with oxygen, 
* hydrogen, chlorine, or cecn 

fluorine. It is unchanged when an arc is maintained in the gas or 
liquid for several hours. On this account, Ramsay called the gas 
argoa (Greek argon, lazy or inactive). 

The separation of atmospheric argon is carried out on the tecimica) scale, 
since the gas Is in demand for filling metol*lilamcnt electric lamps. If these 
are vacuous, the tungsten filament volatilises and a black him is deposited 
on the inside of the bitlb. If the lamp is fillo<l with nitrogen or argon the 
blackening of the bulb is considerably reclucod. The argon w*as formerly 
rmuie by circulating air tlirough a mixture of 90 |Mrt« of calcium carbi<le 
and 10 parts of calcium chloride, heateil at 800^ in iron retorts. The nitro* 
gen an<l oxygen are absarbe<l. tlie fonner as calcium cyanamide, the latter 
as calcium carbonate, ancl the residual gas after passing over heated copper 
oxide to oxi<lise carbon monoxide to tlioxide (whic)i is absorbed by potash), 
is dried. About 3 per cent of argon is present in the liquid oxygen from air. 
The oxygen may be removed from the gas obtainod by evaporation, by 
l)ossing it over heated copper or by burning with hydrogen, and tliereaidual 
gas freed from nitrogen by heated carbide. Argon is now obtained by the 
fracti<mati<»n of liquid air. 

In the Linde process (Fig. 394) the crude licjuid oxygen from the first 
frec'tionating column (not shown), which contains some nitrogen and ^5 
nor cent of argon, is foci at A into the centre of a second column, in the 
unner iiart of which is a iM»t of tulxss 8 cooled in a bath of liquid nitrogen. 
Liquid oxygen drains into M and is cvofKirated by the heat of cemprw^ 
air passing into a spiral tube at F. pure oxygen gas passing out at C. i M 
oas rising through the column contains argon and nitrogen, and some 
oxygen not scrubbed out. It posses Uirough tlie cooler D and leaves this 
containing equal amounU of ars<m and nitrogen and about 10 per cent of 
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oxygen. Tills gas i>a!<s«s at i> to Uto eontfa of a third culumn ; from this 
pure nitrogen gns leaves through the up[>or nast of tuboa H cooled in litjuid 
nitrogen, and a llruiul mixmro of ^ 

argon with some oxygen and a little 
nitrogen drains into O. where it is 
evaporated by a compressed air 
coil, and the gas leaves at K~ Tlie 
oxygen is remove<l from thb gas by 
passing over re<l*hot copper. 

Coumercial argon (OO-Od per 
cent A and the rest nitrogen) is 
used for lamp ill ling. By special 
tnctfiods a gas containing 90*5 per 
cent A. 0*5 per cent N, and less 
than 0*1 per cent 0^ can be pre* 
pared. The last traces of nitro* 
gen and oxygen can be removed 
by striking an arc between a 
tungsten electrode and a pool Fio.3«.-Separationof argon from air. 
of fused mixed-tneUl (p. 821) in 

a bulb of the gas. Tra^ of other inert gases are still present. 



HaUum.— In 1808 the spectroscopic examination of the chromo- 
spliere of the sun during a total eclipse revealed a new yellow line, called 
D|. and Lockyer concluded that it corresponded with an element to 
which he gave the name helium (Creek hdios, the sun). In 1804 Ramsay 
at the suggestion of Miers examined the gas evolved from eUttife (a 
variety of pitchblende) by heating with dilute sulphuric acid or in 
vacuum, which had been supposed by Hillebrand (1888) to be nitrogen. 
It contains about 20 per cent of nitrogen, but by sparking witli oxygen 
over alkali there was a residue which Crookes found gave the 
spectrum line. 

Ramsay and Travers m 1807 showed by exhaustive fractional diffu- 
sion that the gas could be separated into a light fraction, sliow’ing all the 
properties of helium and unaffected by further diffusion, and a heavier 
fraction containing aigon. Helium occurs only in traces (0*0005 vol. 
per cent) in the atmosphere but can be separated technically by 
fractionation. It is contained occluded in uranium minerals (in which 
it results from radioactive changes, p. 399) and is found in the gases &om 
many mineral springs (Bath, Cauterets, etc.]. 


Inert gases ore evolved from bot^springs having their sources at great 
deptlis in the earth. The Boivboa^Lancy spring evolves 16.000 lit. of 
inactive gas per annum, of which 10,000 Ht. are helium. Some springs yield 
gas containing 1 0 per cent of hel ium but usually the amount is much smaJ ler. 
The w'ater of theee springs is slightly radioactive, but according to Mouteu 
(1923) this has nothing to do with ^e inert gases. Rayleigh and Ramsay 
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foun<^ tbnt thd gas evolved on heating rain water contains twice as much 
argon as uir. 

The most important source of helium is tlie natural ga4 (mostly 
methane) from some petroleum springs and other sources in Texas, 
Utah and Colorado in the U.S.A., and Medicine Hat in Canada. Some 
contain S per cent by vol. of helium but less than 1 per cent is usual. 
Since the gas is free from hydrogen and neon (of low boiling points) the 
helium is obtained from it simply by strong cooling, when the other 
gases present condense, leaving helium gas. 


In the Unite<l States a conaiilorable amount of lielium extracted from 
natural uas is available. An altemativo source is »MO»o:fVe <p. 646), foimd in 
largo ninoimts at Travoneore, India. U c<mlaina about I ml- of hoUum per 
gm. formed from radioactive rliangos of thorium <p. 401), and this is 
evolved on heating. 


H el i u m is the least sol able of all gases and the most d i fheu ) t to ) iquefy . 
It is easily purified by contact with coconut charcoal at liquid air 
temperature, which adsorbs all gases except helium, and hydrogen and 
neon, which are not usually mixed with helium (Dewar, 1904). Quartz 
at 1 100^ is |)ermeated only by hydrogen and helium, and helium can 
diffuse through glass at room temperature. 

Liquid hrlium was obtained by Kamerlingh Onnes in 1007 by the 
Joule-Thomson expansion of the gas previously cooled to 15^ abs., since 
its inversion point (p. 166) U very low. The colourless liquid has the very 
low density of 0*122 and boils at only 4® above absolute zero. By rapid 
evaporation the temperature was reduced to 0*82® abs., but the helium 
was still liquid. SoUd hsiium was obuined by Kcesom in 192G by 
cooling the liquid to T abs. uwitr pressure. 


Helium Uqh no triple point ami the soli<l phase is not stable at any tern- 
peraturo un<lor its own vapour pressure, but only at higher pressures, e.ff. 
20 otm. at U abn. and 613 atm. at 12^ alw. 

There are two fomw of li<|Ui<l helium, He- 1 and He-II, witli a trarvution 
(A-l.oint)- They in density, specific heel, and ‘'l®''**”® ^ 

awnl L^uid He-II lias a very fiat moniscia and a lew turfaco 
and creeps over Rlasa in a remarkable way. At liquid 
inenv metals lose tlieir oloi-trical resistance comjiletel.v, or twoine ^ 
"r By s,»cial nietlKxls. .em,*rat.u« below 0 005- abs. l.aye been 
rttain^ by ci^ling ver.uin sa.« in ,be presence of a strong mapielic field 
in li<iUid lielium and llien su.l.lenly removing the magnetic l.oW. 


Neon.— Ramsay in 1800 suggested that helium and argon a™ 
members of a new ('‘ ten. ”) group in the Periodic System and there 
should be three other inert gases to complete it. In Ij' 
evaporation of liqui.i air Ramsay and Travers n ^08 di^ver^ 
(Greek, krypton, concealed) and xenon (Greek, «»<«, 
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stranger), and in 15 lit. of crude liquid argon they found helium and 
woa (Greek, n«m, new). Examination of the residues from the evapo* 
ration of 120 tons of liquid air failed to indicate the presence of any 
other inert gases. 


Helium and neon, with low h.pU.. remain gaseous in the column where 
liquid nitrogen collecu in air fractionetion. The gas is passed through a 
spiral tube in the upper part of the eolunm. strongly cooled by liquid 
nitrogen, when much of the nitrogen condenses. The gas then contains 
helium, neon and about 50 per cent of nitrogen which can be removed by 
chemical absorption, leaving a mixture of helium and neon. By cooling 
with liquid hydrogen, neon containing or^y 0*2 per cent of He solididea. 
It can also be separated by adsorptkm on charcoal cooled in liquid air. 
Air contains 0 001 5 vol. per cent of neon and a Claude liqueBer m^ing 60 
cu. m. of oxygen per hour produces 100 lit. of neon per day. the commercial 
gas containing about 2 per cent of helium. 

In an elocthcal discharge tube at about 2 mm. pressure neon gives a 
beautiful orange^red light which is extensively used in various types of 
illumination. Witli mercury vapour and neon or argon a blue or green 
coloured discharge raaults, the ripple *' effect being produced by a trace 
of an organic compound. An orange light raaults when a tube of neon at 
atmospheric or lower pressure, containing some mercury, is shaken (Collie, 
1909). 

Eiyptes and ssbod are present only in traces in air. but can be separated 
by the fractionation of crude argon. The lower boiling fraction is argon, 
the middle krypton, and the higher xenon. Selective adsorption oo char* 
coal may also be used (Valentiner and Schmidt, 1905) : if the charcoal bulb 
is a'armed to 60 * pure krypton is evolved, at higher temperatures krypton 
and xenon. This gas is recondensed on charcoal at - 150* and the bulb 
connected with a second charcoel bulb cooled to - 150*. when krypton 
passes over into this leaving xenon in the Bret bulb. 

In another method (Lepape, 1925) the gas evolved by tlie slow evapora- 
tion of commercial liquid oxygen in a 2-lit. \‘acuum flask pasaee through a 
tube containing coconut charcoal and immersed in the liquid oxygen : 
the yield is 85 ml. of Kr end 0*5-20 ml. of Xe which can be separated by 
fractional adsorption as described. Krypton would be superior to argon 
for gaa-fiUed lamps and is used in some discharge tubes, giving a green or 
lilac light. Xenon gives a blue or (with a higher potential) green light. 
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Abegg’a rul^ 416. 

Abel, 

abnormal vapour deneitiefl. U3. 
abraum salta. 6U6 

absolute temperature, 40. 122 ; zero, 

40. 

abaorbente for gaaee, 509. 
abaorptioroeter. 63. 

absorption coeftcient. 64 ; pipet^. 

506 ; apeetra. 439. 
abundance ratio, 366. 
acceptor. 19$. 
accumulator. 840. 
acotaldehydo, 609. 611. 
acetylacetone. 418. 

acetylene, 610 ; dichloride, 6 1 1 > tetra* 
chloride. 611. 

Achenbach. 486. 

Acheeon proceaa, 597. 

Achlorborg, 495- 

acid, acetic. 600, 611 : aerial. 31 : 
allotellurie. 503 ; anudoeulphonie. 

662 i antimonic, 669 : antitoonoua. 

916 i araenic. 659 ; araenioua. 859 : 
azido'dithiocarbonic. 530 ; bia* 
muthic, 875 ; boracic, ere boric ; 
boric. 662. 653 ; teeU for. 658 ; bro- 
mantimonic, 867 ; bronuc. 324 ; 
bromoua, 323 ; carbamic, 633 : 
carbonic, 618, 822 j Caroa. 487 ; 
chloranlimonic, 867 ; chlOTMli* 
monoua, 806 ; chloraonc, 747 ; 
chloric. 272 ; chlorobiionuthoua. 

874 • chlorochfomic, 892 ; chloro* 
platinic. 956 ; chloroplalinooa. 056 ; 
chloroaulphonic, 483 ; chlotoua, * r2 ; 
chromic. 888 ; cobaItic,944 ; cyan.c. 
041: cyanuric, 641; dibonc, ere 
Dvrobonc ; dichromic, 889 ; dwilicjc. 

603 • diaulphuric, 474 ; dithionic. 
401; dithionoue, 490; othionic. 
ClOi «thyl»i.Jphomc, «9: olh^- 
.ulphuri.,810: fluobor-c, M7 : fluo- 
.ulphonic, 485 ; forme. W7. 9™. 

634 •. fulminic. 525; glywllic. M5, 
glyoxylio. 635; gr.ph't'';. 898; 

hox.thionio. 406; hy^o.c, -.>0 . 
hy-lriodi.;, 329; 

820; hydiobrwnic. 319; hydro- | 

chloHc. M8 ; hydroohlorc^ercunr. 

702 ' hvdrochloropjum^i^* o«i . 
hvcirochloro»«anni<-. 831 ; 
Chlorosuanou., 829; hyc^hl^- 

Ujlluric, 602; hydro«b.llicy*«uc, i 
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046 : hydrocyanic, 640 ; hydroferri* 
cyanic, 936 : hydroferrocyanic. 935 : 
hydrofluoric. 339, 342 : hydroAuo* 
aiUcic. 667 ; hydrographitic. 599 : 
hydronitroua. 532 ; hydrosulphur* 
ous. 490 : hydroxylamine diaul* 
phonic. 524. 560 ; hydroxyl amine 
teedisulphonic. 560 ; hydroxylamine 
ieomonoeulphonic. 560; hydroxy la* 
mine raonosulphonic, 524. 660; 
hydroxylamine trinilphonic. 560 ; 
hypebromous, 323 : hypochlorous, 
262. 266; hypO'iodouB, 333: hyponit* 
ric, 557; hyponitroua, 355; hy^phos* 
phoric, 588; hypophosphorcua. 589; 
hyposulphuroua, 400 ; imidodiaub 
phonic. 562: iodic. 334; iodobismuth- 
oua. 875; iodoplatinie, 956; malonic. 
635 ; reanfanic, 047 ; marine. 2U0, 
210; roellitic. 508 : metaphoaphi* 
mic. 591; raetaphoaphoric, 583; 
metaphoephoroua. 586 ; meta* 
plumbic. 841 ; metaaunmc, 832 : 
meutellurir. 503 : metathioboric, 
658: moJybdic. 893 : muriatic, 200, 
210 : nitric. 634 ; action on ineUls, 
537 ; manufacture. 638 ; atructure. 
559; tosU. 537; nitriloaul phonic, 561. 
562 : nitfoeiHuIphonic. 475 ; mlroso* 
aulphuric, 475. 658 ; nitroaulpbonic. 
581 ; nitroua. 551. 559 ; orthophos* 
phoric. 580 ; oamic, 957 ; oxalic, 
635 ; ox>'murialic, 200 : penlatUio. 
me. 494 : perboric, 658 ; porcar* 
bohic. 623 ; perchloric, 374 ; per- 
chromic. 892 ; pcrdicart^c, 623 ; 
pordisulphuric, 487 j periodic. 330 ; 
permanganic. 007; perraonoaulphuric. 
487; pcmilric.632.539; pcrnitroum 
532, WO ; perphosphone, 585 ; per* 
aulphuric, 485 : pcrlhiocarbonic, 
638 ; pcrrhenic. 910 ; peraiannic. 
833 ; pcrtltanlc, 844 ; phosphatic. 
588; phosphimic. 591; 
molvbdic. 894; phosphoric. 5W, 
584*; phoephoroua. 587 ; phoepho* 
tungatjc, 893 : plumbic, 841 : pruMic, 
640 ; pyrolwric. 653 ; pyroligneous. 
600 : pyrophoaphorlc. 582 ; p>'r«* 
phoephorous, 588; pyrosulphurjc. 
474 ; aelenic, 500 ; aelcnioue. 497, 

600; aolcnopentathionio, oot* 

aelcnotrithionjc, 501 ; aiUcic, 6^J 
ailicon roeao oxalic. 666; aihcon 
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oxalic, 60G : sinnnic. : fMil* 
pharoic. 502; siilphovinic. f>llJ ; mil* 
phoxyllo. 4iii ■. aulphurlr. 472; 
aclion on ntcial^. 4li2 : inauiifarturo. 
4?(i ; prOpOrtjcH, 480; struciurc, 
482 : eulphumu. 4CG, 4011 ; icIKirir. 
603 : telluroua. 603 ; ictrathionU’. 
403: tiuoantimonic. 871: tbio* 
arsenic, 802; thioarsonioua, 8(il ; 
thiccarbonic, 038 ; thioporrhontc. 
Oil; thiophoaphortc, ; ibio* 
stannic. 833 ; thiosulphuHc, 48? : 
trit bionic. 492 : (iinpstic, 806 ; 

uranic. 896. 

acid chlorides, 468 ; salts. ?G. 
acids. 73, 76. 610 : basicity of. 70, 300 ; 
conductivity of. 236; dibasic. 76; 
moRobasic,76: oxy*,?4; poiybaaic. 
310; proporiioaof, 73 : stren^baof. 
164, 235. 290 ; theory of. 238 ; 
th Ionic. 401. 406 ; w'cak. 200. 
actinic cays, 626. 
actinides, 433. 
actinium. 401. 
aetinometer, 216. 
actinon, 000. 
aetinouranium, 40$. 
activate^! mokculee. 297. 
active charcoal. 60 1 ; deposit, 400 : 
mass. 280 ; moleculea, 297 ; nitro- 
gen. 612, 

activity, 255. 311; coefbeient. 26A. 

311. 

actor, 198. 

Acworth. 637, 

adiabatic expansion. 127. 130. 

Adie. 868. 

adjacent charge rule. 498. 

adeorption, 6(11. 

oee Cypritjm, 718. 

affinity. 285. 796 : aeries. 800. 

Agficola. 872. 940, 

aich metal. 780. 

Aitken. 8. 

air, alkaline. 6)3 ; atmospheric, 806 ; 
compoeition of. 606 ; density of, 59. 
106; deph legist icatod. 92: emin* 
ently teapirable. 34 ; Are. 20 ; fixed. 
77 ; foul, 29 ; liquid. 13) ; anixlure. 
610: phlogUticote<U 92. 
alabandite. 899. 
alabaster. 756. 

Albertus Magnus. 20. 
alcltemy, 20. 

alcohol. 610. on, 863 ; absolute. 763. 
alerobic, 19, 

Alexandria, 18. 
alkahest, 21. 

alkali, caustic. 77 ; roarine, 77 ; melels. 
682 : mild, 77 ; \'egotable, 77 ; vole- 
tile. 77 : -waste, 449. 601, 788. 
alkaline air, 613 : earths, 76, 761. 
alkalis, 74, 77 ; manufacture of, by 


amjnoiiMi.so hi (itM ; by 

elect rulVMiM. : by (.cblnnc p>rO' 

cesa. 60 L 
al kolil, 86.1. 
allotropy. 84, 450. 508. 
alloys. 673 ; freezing points of. 674 ; 
fuMble. 873, 

alpha rays. 398. 403. 404. 
aUtonito, 766. 
aluiJcl. 320. 
alumina, 8h6. 8U9. 
alurninate^. 811. 

aluminium. 803. 8(t$ : acetylacotone. 
I RIC; arsenido. 853 ; bromide, 809; 
bronze. 807 ; carbide. 812 ; chloride, 
84^8 ; lluoHde. 808 ; hydride, 8o4 ; 
liydroxiile. 8lo ; iodide, 8ii8 : mel- 
I til ale. 598 ; metallurgy. WiO; ni- 
trate, 814; nitrklc, 814 : oxide. 8011; 
phosphate, si 4; phosphide. 814; 
peroxide. 812; powder. 807; pro* 
penies. 807; silicates. 812; sul- 
phate. 814 : sulphnlo. 814. 
a lumino* ferric. 815 ; .sdicates, 672, 
alumiiim. 806. 
alums. 446, 806. 816. 
alum shale. 815 ; atone, 816. 

. abirubim. 809, 
alunite. 8J5. 
a) vile. 846 
Amagat. 48. 

amalgamation proecM. 73.1. 
amalgams. 673. 788, (mc uruler seiiaroto 
metalsh 
amatol. 711. 
aniblygonite, 7 1 3. 
americium. 408. 
amethyst. 881 : oriental. 8oti. 
amicrona, 4. 
amides, $10. 
amino.group, 517. 
aminomercurie chloride, 796. 
ammincs, 418. 

ammonia. 613 ; by-product, 620 ; 
composition of, $18; manufaeluro 
of. 620 ; occurrence of, 514 ; oxida- 
tion of, 517. 540 : preparation of, 
$14 ; properties of, 615 ; -solution. 
516; -sUU, 620; aynthetie, 522; 

tests for. 51$. 
ammoniacal liquor, 620. 
ammonia -soda process, 691. 
ammonium. 7U7 ; amalgam, 707 
azide, 630 ; bromide. 700 : carba 
male. 710: carbonates. 709; cblo 
rate. 709 ; chloride. 708 ; chloro 
platinalo. 068 ; chlotoplumbate 
841 : chromate. 891 ; cyonate. 641 
d (chromate, 801 ; fiuoride. 341 
709 ; hydroxide. 516, 709: iodate 
709 : iodide. 709 ; ion 70S ; moly 
bdate, 893 ; nitrato, $48, 710 
nitrite. 611. 711; oxido, 709 
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p«rchkprAt«. 709; peroxide. 316: 
persulphate, 486 ; pc^hiocarbonate, 
638 : phosphates. 711 : phospho* 
TQolybdate. $82. $03 : radical. 70, 
707 i sulphate, $21. 7|2 ; sulphides. 
711 i sulphite. 713 ; Ihiocarbonate. 
03S ; thiocyanate, 61$ ; thio* 
stactnate. 630. 
ampere. 222. 707. 

Ampere. 336, 707. 
ampholyte, $11. 

amphoteric electrolyte, 611 ; oxide. 75. 
761. 811. 

analysis, 1$ ; spectrum, $76. 
anataao. 643. 

Anaximenes. 16. 

Andrews. 129. 1$4. 206, 635. 
angteaite. 834, 636. 

Angstrom unit. 4. 676. 

Angus Smith's compound. 926. 
anhydrides, acid. 74. 
anhydrite. 756. 
anhydrous substances, 74. 
anion. 216. 
ankerite. 920. 
annabergite. 946. 

anode. 218 ; -rays, 383 i -sliiDe, 497. 

501, 721. 
anthracite. 603. 
antieblor. 196. 269. 469. 
antifriction metal, 666. 
antimonates. 669. 
antimcnial load, 864. 
antimonidss, 86$. 
antimonites. 866. 
anti moniuret led hydrogen, 866. 
antimony. 848, 862 : allolropic forms, 
664 ; alloys, 664 : amorphous, H64 
atomic weight, 671 : black. 6W 
determination of, 671 ; exploHj^'e 
864 : halides. 866 ; hydri-W. 86$ 
occurrence, 863 ; oxides. 668; oxy 
chloride. 866 ; pentachlori‘le. 867 
pentoxlde.669 : penUsulphnIo. 87n 
properties. 863 ; pure, 863 ; regulus 
of, 663 ; star*. 663 ; sulphate. 8H8 
sulphides, 870; Ulrachlorulc. 86 r 
letroxiile, 866: telraaulphide. 8.0 
Ifibromide. 867 ; trlchlorielo, 686 
thfluoride. 868; trl-lodlde. 867; tri 
oxide. 868 ; trisulphlde. 670 ; A-ar 
mllion. 870. ^ 

antimony I radical, 6/1. 
antiphlogistic theory. 34. 
antozona. 197. 
apatite, 563, 759. 
apjohnite. 904. 
aquadag. 597. 
o^uo /ertie. 534. 
aquamarine, 771. 
aijua r^io, 357. 
oouo viifa, 326, 

Arabic alchemy, 20. 


aragonite. 756. 
nrbor PtuHtie, 768. 

Arbuaov. 589. 

Archer. 743. 
arc proce ss . 539. 

Arf«*edsoei. 713. 

argentic fluoride. 74$ ; nitrate, 74$ ; 
oxide, 74$. 

argentiferous lead, 733. 
argentite, 733. 

arijefUum cornu. 739 ; 'Cttnim. 760. 
argo n, 506. 960. 961. 
argyroaice. 642. 

Aristotle. 11. 18, 786, 627. 

.Arkel. van. 643. 
armour plate. 921. 

Armstrong. H. E.. 537. 606. 631, 796. 
Arnold of Villanova, 20. 

Arrhenius. 225. 238. 
arsenates. 66U. 

araenic, 848. $50 ; allotropic forms 
H5I : black. 651. 852: di-lodide 
657 : disulphide, $61; grey, 851 
852 ; halogen compounds. 850 
hydrides. 853; metalhc, 851. 852 
monododide. 857 : occurrenco, 650 
penUOuoride. 856 ; pent oxide, 660 
sulphates, 858 ; sulphides, 660 
tribromidc, H57 *. trichlorldo, 666 
triAuoriile, $56 ; trido<lide, 657 
trioxide, 857 ; trisulphido. 861 
yellow. 651. 852 : white*, 651. 
arsenical pyrites. $50. 
arsenides, 853. 
arxcnious oxide. 657. 
arHoniteH, 859. 

arseniu retted hydrogen. 853. 
an^nolite. 850. 

•rxine. H53. 
artificial tannin. 50$. 
asliestos, 774. 

AM-har. 944. 
asrm. 19. 

AMoeiation. 113, 134, 
astatine, 898. 911 
Aston. K. W.. 380. 
atacamitc. 71$. 72$. 
atmolysix, 510 
atmosphere. 150, 606, 510 

atomic eorc. 412; -disintegratjon, 400. 

405; •frequency, 347 ; -ions, 442 : 
•lieats, 110, 344. 348 ; nucleus, 4(M, 
409 ; numbefa. 366, 393. 404 : 
Iheo^'. 92 ; volumes, 371. 
atomicity. 103. f . 

atomic weights, calculation of. 380 , 
correction of, 375 ; definition of. 6» : 
determination of. 10$. IlO: mver- 
Sion of, 369 ; from isomorphism, 
369 : from periodic law, 375 ; f^”' 
specific heats, 345 : standard of, 94 ; 
table of. see /ronreorcr. 
atoms, absolute weight of, 94 ; dis- 
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ruptioA of* 405 ; musof. 3S6 : mo<io 
of linkago of* 4U : otructurc of. 404. 
409. 432. 

A.U.* M AngAtrOm unit, 
augite* 774 
AuguMin. 735 

auric bromtda. 748 ; chlorkJOi 74? ; com* 
])Ound8. 747 : hydroxide. 748 ; iodkla, 
748 ; oxide, 748 : aulphide. 748. 
<iuriun» para<foxum (ftrobiemafieMm)^ 
301. 

auroue bromide, 748 : chloride. 748 ; 
compounda, 747 ; cyanide. 749 ; 
hydroxide, 748 ; iodide. 748 nitride, 
749: oxide, <48 ; atdphide. 748. 
auitenite, 1)22. 

Austin, 614. 

autogenous welding. 477. 
autoxidation. i97. 

available chlorine, 269 ; 'Oxygen. 283 
average life. 400: •velocity. 119, 122. 
Avicenna. 2b. 

Avogadro'e hypotheets, 101. 102. 104, 
121, 12.4: law for eeluiions, 246; 
•number. 112, 126. 226, 267. 
axes, crystal. 352, 356 : symmetry.. 
351. 

aside ion, 631. 

Aziai4m. 208. 

asoimide, sm acid, hydrasoic. 
asote, 606. 

Atoioboeur cArdececcvm, 533. 
isurlte, 718, 730. 

Bach, 198. 

HacketrOm. 114. 

Bacon, Roger, 20, 703. 857. 
bacteria, denitrifying. 633 ; nitrifying. 
533 : nitrosifyLog, 533 : sulphur. 
448. 

bacteroids. 633. 
baddeleyite, 845. 

BadUche process, 472. 

Baeyer. 107, 487. 

BailWiI, 486. 

Baker. H. B.. 161. 168, 215, 462. 504. 

660. 586, 570. 628. 631, 709. 789. 
Balard, 262, 265. 268. 317. 626. 
Ballauf. 707. 

Balmer aeriee. 428. 

Barbieri. 044. 

Bardwell. 169. 

BarfT procees, 926. 
barilla. 690. 

barium. 752, 764 : bromate, 324 
carbonate. 766 : cblente. 786 
chloride, 766 ; chranate. 891 
cyanide. 967 ; dlthionate. 492 
ferrate, 936 ; hydride, 766 : hydrox 
ide. 765: hypopheephite, 669 
iodate, 334 ; metaborate. 653 
nitrate. 766 : nitride. 766 : nitrile 
551, 767 i oxide. 765 : periedaie 


335: permanganala, 007 ; peroxide, 
148, 766 : pletinocyanide. 957 : sul> 
phale. 767 ; mjlphi Je, 767 ; sulphite, 
468 : liunate. 767. 

Dark la, 393. 

Darnetl, 383. 

Baron. 052. 
barete, 765. 

baryta. 751. 765 ; •water. 766. 
baryteealcite. 7G5. 
base •exchange proceae, 185. 
baeee, 73 : theory of. 238 ; weak-. 209 ; 
basic, •hearth process. 920 : salts, 77 ; 
•slag, 920. 

basicity of acids. 76. 3(>0, 

Uaudrimont. 566. 

Bauer. 656. 

Haum<f, 95. 291. 453, 622. 

Hausch, 517. 

bauxite. 805. 810 : •cement, 810. 
bayerite. 810. 

Bayer proceae. 806. 

Beach. 577. 
llecher. 3. J.. 27. 

Beckmann, 789 : tharuemater, 248. 
bedil. 826. 
baahi>‘a shelf, 141. 

Behren, von. 137. 

Beilby procata. 704. 

Bekeloir, 174. 

Delgtan procaas, 777. 

Bell, 656. 

BellMi da Monsa, 669. 
bell maul. 722. 

Bammelan. van. 663. 

Bender's aidt. 634. 

Banger. 500. 

Beni^t, 504. 
beftsane. 617. 

Bergman, 96, 285, 501. 818. 872. 046. 
953. 

Berkeley and Uartlay apparatus. 244. 
Borl. 476, 517. 

Barliti green, 937. 

Baruttaaan, 490. 

Barry, 817. 

Bartbalol. D.. 105 ; M., 66. 82, 283. 

486. 598, 610. 650. 673. 950. 963. 
Bertheliet. C. L., 82. 96. 290. 208, 262. 

286, 290.513,626.546. 
bar>d. 771. 

beryllium. 375, 752. 771 : oomDOunda. 
771. 

BaneUus, 44. 75. 86. 88. 95. 102. 142. 
360. 379. 497. 601.583. 659, 667. 707, 
751. 843, 846, 877. 852. 935. 
Baasemer procees, 019. 
bale. rays. 398. 

Battendorff, 862. 

Betterton procem. 753. 

Blits, 61. 457, 867. 

Binaau. 113, 711. 

Dirge, 176. 
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875; 

675; 


874; 


Birketand and Eydd procofis, 539. 
bisemutom. 872 
bismit«, 872. 

bismuth. 848. 872 ; atomic weight. 
877 ; carbonate. 876 ; chromate, 
891 : compounds. 873 ; glance. 672 ; 
halides. 874 : hydride, 874 : hy* 
droNido. 875 ; metallurgy. 672 ; 
monoxide. 674 ; native. 87 2 ; nitrate, 
676 ; occurrence. 672 ; oxUles. 875 ; 
oxychloride. 674 ; oxyfluoride. 874 ; 
oxyiodide. 875 : pentaAuoridc, 874 ; 
pentoxide, 874 : peroxide. 675 ; 
properties. 873 ; pure. 672 ; pyro* 
phoric, 673 ; refine. 672 ; spar. 678 : 
oiilphate. 876 ; sulphide, 670 ; mb* 
nitrate. 67$ : tetroxide. 874 : tri* 
bromide. 875 ; trichloride, 
trifluoricle. 675 ; triiodide, 
trioxide. 875. 
bismuthinite. 672. 
biscDUthite. 872. 
bismiithyl. 673 ; •chloride. 

•nitrate. 676 ; .sulphate. 676. 
bittern. 686. 
bituminous coal. 603. 

Black. J.. 12. 24. 35. 73. 77. 616. 660. 
772. 

biack.ash.69l ; jack. 777 ; .toUunum. 
501. 

blickbond ironstone, 9J4. 

Blackett. 404, 406. 
blackleacl. 693. 597. 

Blaedcn. 30, 60. 247. 
blanc fixe. 102. 767. 
blast furnace. 916. 
bleaching. 262 ; -powder. 266. 

Uleier, 452. 
blende. 777. 

Bloch. 450. 

Blochmonn. 649. 

Blomstrandi 495. 
blomstranclito. 620. 
blood, 626. 
bloom. 918. 

blowpipe, atomic hydrogen, 170 ; oxy- 
acetylene. 169; oxyhydrogen, 169. 
Bloxam. 711. 655. 
bluejohn, 336. 
blue fire, 870. 
biucstone. 731. 

Boor, do, 843. 840. 

Bodenstein, 274, 28D, 201, 3.8. 

borllos, classification of. 3. Id. 
body centred lattice, 300, 

Boerhoave, 27- 
bog iron ore. 014. 
bohmite, 610. 

boiling point., 53; 

molecular elevatioft oh "I- 
Boltwood. 401. 

Boltzmann, 25$ ; -constant. IH*. 


bomb calorimeter, 604. 
boort, 594. 

bond. 97 ; lengths. 439. 

Bondt, 606. 

Bone, W. A.. 606, 608. 612, 631. 
bono. 563; -ssh. 564 ; -block. 602 ; 

•china. 613: -00. 602. 

Bonhoeffer, 175. 
boracilo. 652. 
boronee, 656. 
borates, 653. 

borax. 652 ; -bead reactions, 652. 
liordcaux mixture. 719. 732. 
borine carbonyl. 656. 

Bom, 435. 
bomile. 71$. 

boron. 652. 654. 803 ; carbide. 058 ; 
dichloride. 657 ; halides, 656 : 
hydrides, 655; hydrogen sulphate, 
653 ; nitride. 657 ; phosphate. 653 ; 
sulphide, 65$ : tribromide. 657 : tri- 
chloride. 657 ; trifiuoride, 657 : trl- 
iodide. 657 ; trioxide. 653. 
boroaatrocalcito, 052. 
bort. 594. 

boshes, 010 

Uotolfsen. 762. 
bottling apparatus. 91. 

BoiiMingault, 509. 

Bousat. 208. 

Boyle. 21. 26, 36. 40. 48. 73, 77, 105. 
J 20. 159, 245, 285, 603. 669. 570, 647. 
742, 777. 62$, $74. 

Boylo's law, 48. 246. 
brochy-axis, 354 : -dome. 354 ; 'pioa* 
kold. 354. 

Bragg. 3$7. 
brsneh-ehain, 401. 

Bran<J. 563. 

Brandt, $50. 940. 
braw, 722, 777. 779. 

Brauner. 337. 
braunito. $ 00 . 

BrcHlg. 485. 738. 746. 955. 

bricks, 662. 812. 

Brickweddo. 176- 
BHeglcb, 498. 
brimslono. 449. 
brine. 685. 

Briner. 154. 

Brin process. 148. 290. 

Briscoe, 601. 

Brilonnis metal. 828, 865. 
brochantile. 730. 

Brock way. 577. .-A 

BrcKlie, 150. 167. 196, 197, 198. 470. 

485. 507, 598. 699. 

Broek, >*an <lon. 395, 404. 

BrOgger. 814. 

Broglie, de. 435. 
broiiwrg>Ti(e. 317, 733. 
bromates. 324. 
bromidos, 322. 
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bromine, $17 i chloride, 325 : Auori'lM. 
341 ^ hydxale, S!9: oxid«8, 323; 
•salt, 324. 
bfomit<«» 323. 

bronze, 718, 722; alumiruum-, 907; 
manganese*. 900; nlekel-, D47 ; 
ailicon*. $63. 
brookite. 843, 
brown coal. 603. 

Brottn, Crum. 924, 

Brownian reovement. 256 
Brownrigg. 953. 
trucitOi 774. 

Brunner. 602. 

Brunswick greon, 728. 

Buff. 106. 666. 
buffer solutions, 304. 

Bunsen. 42. 112, 160, 214, 215, 270, 527. 
647. 650. 677. 676, 713, 715. 751, 764. 
605, 670. 

Bunte, 488. 633. 

Burg e aa. 216. 

Burt. DO. 101. 106, 188. 213. 

Bury, 433. 

Buase. 571. 

Bussy. 772. 

butter of antimony. 666 ; of araonic. 
856: of tin. 831. 

cadraia. 776, 784. 

cadmium. 769, 764 ; compounds. 765 : 

aalenida. 496, 
caaaium. 715. 750. 

Cagniard da la Tour, 120. 

Cahours. 116, 

Caillaut. 120. 
cairngorm . 661. 
caking coal. 603. 
calaem, 777. 

Calais sand. 061. 
calamine, 777. 
calearoni, 448. 
calcination. 23. 32, 33. 
calcito, 756, 

calcium. 752 ; aluminatea, 760 ; bicar* 
bonato. 162. 756 ; carbide, 762; 
carbonate. 77. 182, 756 : chlorate, 
276 ; chloride. 573 ; eyaoeraide, 
521 : ferrous carb^ate, 929 ; fluo* 
rido, 336, 573 ; hydride. 573 
hydraxide, 754 ; hypochlorite. 263 
hypopho^hite. 690 : manganite 
20§. 906 : nitrate. 540. 541, 759 
nitride. 761 : oxalate. 762 ; oxide 
754 : peroxide. 755 : pbospbatee 
758. 763 : pboaphide, 572. 574. 761 

S lurabate, 840 ; silicate*. 759 ; aub 
uoride, 753, aulphate, 184, 766 
sulphide*. 758 ; sulphite, 757 ; tei* 
roxide, 755 ; tbioculpl^te, 758 
tungstate. 891. 
calc spar. 766. 
calgOD, 584. 


caliche. 894. 
calomel. 789. 7U6. 
celorie. 178. 277. 
celorific value. 604. 

Calvert, Craco, 024. 
calx. 24. 

candle flano, 643. 
cannel coal. 603. 

Cannizzaro's principla. 106. 110. 
carat. 594. 
carbide*. 604. 

carbon. 593. 824 ; amorphous. 694 : 
atomic heat of. 346 ; atomic weight 
of. 621; •black. 602: combustion of, 
628: 'dioxide, 618; 'dlsulphldo. 
635 : gee*. 615 ; •group. 824 ; lus^ 
trous*. 61$; •monosulphide. 637; 
•monoxide. 027: oxides of. 616; 
•osysulphide, 634 : •suboxide. 635 : 
•Bubsulphide. 637 ; •aulphoeolenide, 
636: aulphotelluride, 638; *t«tra* 
chloride, 807, 637. 
carbonado, 597. 
carbonates. 623. 
carbonating tower, 60S. 
carbon dioxide, atmospheric, 626 ; 
•cycle. 624. 

cerb^c oxide. ee« carbon monoxide, 
carbonisation. 599, 613. 
carbonyl bromide. 633 : chloride. 639. 
633 ; fluoride, 633 : 'iron, 924 : 
sulphide, 634. 
carbonyla. 630, 950. 

Carborundum, eer silicon carbide. 
nrboxylMMiflqitobm. 630. ' 

earburotiod water gas. 363. 
carbyl sulphate. 610. 

Carlisle. 40. 
earnallite. 696. 772. 

Carnally . 374. 
camotite, 397. 877, 895. 

Caro's acid. 467. 
cascade nroceas, 478. 

Cascioroto. 764. 
caae^ hardening. 921. 

Ceaeel yellow. 636. 
cassiterite. 826. 

CsMius. 746. 

rest iron. 917 : *steol. 919. 

Castner cyenide process. 69? ; •eodixim 
proceaa, 664. 

catalysis. 142, 173, 195, 203 : noffativo*, 
467. 

catalye^ 142. 

cetalj^c combustion, 173 ; •effects of 
moisture. 631. 
catapboresis. 6. 
cathode. 216 : -rays, 361. 
cation, 218. 

caustic potash. 700 ; -aoda, 688. 
caustifleation. 73, 7$, 688. 

Cavaadish, 23, 24. 38, 36. 40. 73. 66, 
101, 159, 188, 506, 533. 850. 961. 
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cele«tine, 762. 
colls, volute, 796. 
celluloso, 720, 757. 
cement. 759 ; bauxite*, 610. 
cementation process, 916. 
cementite, 922. 
centrifuge. 7. 
ceramics. 812. 
cerite, 620 ; -earths, 620. 
cerium. 621. 
cerussite, 834. 
ccrvancite. 668. 

Chadwick. Sir J.. 404. 406. 
chain reactions. 2J6. 
chalcocite, 716. 
chaleopyrite. 718. 
chalk, 77. 756. 
uhaikos, 716. 
chalybeate waters, 167. 
ehalybite, 914. 

chamber acid, 477 : •crysUls.476. 558. 
Champion. J., 777. 

Chance*Claus procese, 449. 
Chancourtois, de. helix, 366. 
changes, chemical and physicaJ, 10: 
of state. 176. 

Chapman. D. L.. 216.546. 

Chappuis, 556. 

ChapUl, 474.506. 

charcoal. 509 : active*, 601 : animal*. 
506, 602 : blood*, 602 : •burning. 
600 ; wood*. 600. 

Charles’s law, 46. 120, 245. 

Charleston phoapheu. 563. 

Chattaway. 627. 

C’haussier. 467. 
chelate compound. 416. 
chemeia, 10. 
chemi, 10. 

chemical action, 10; -changes. 10; 
*energy.276; •gifdon.243 : -nomcn* 
clature and noution. 74, 94. 
rhcrailumlnsscenco. 642. ^ 

chemistry, definition, 2 ; history©.. 16. 

Chenevix, 270. 
cheseylito, 716, 730. 

Chevreul'saoH. 727. 

Chile nitre (saltpetre). s« eodium 
nitrate. 

china clay. 612. 
chloaathite, 850, 046. 
chloramine. 526 ; -proc»s. 166. 
chlorapatitc, 563. 
chlorargyriu, 733. 
chiorates. 263. 273, 276. 
rhioraside. 630. 
chloride of Ume. 266. 

chlorides. 209. iu-il, 9*4 , 

chlorine. 200 ; action on alkalis. 202 . 
atomic s.-eight. 90, 213 s available*. 
$6 oT *dioxW 265, 270; d«««e. 
tion of, 206; cl^lrolytic-. 204; 
.auorides. 341: *heptoxide, ,/0. 


*hexoxi(lo. 274 ; history of, 200; 
hydrate, 206; ‘industry, 202; 
liquid*. 126, 205: *monoxide. 266 ; 
oxygen compounds of, 262, 277 : 
preparation of. 201 ; properties of, 
206 ; pure*. 202 ; solid*, 206 ; *water. 
206. 

ehlorilee, 272. 
chlorocbromates. 602. 
chloroforms, 607. 625. 
chlorophyll. 624, 774. 
chlocoplatinatee. 955. 
chloroplumbalcs. 841. 
chlorostannales, 831. 
chloroatannites, 829. 
chromammincs, 667, 
chromates, 886. 

chrome alum, 867 : -green, 686 ; iron* 
stone. 861 : •ochre. 661 ; *red, 661. 
691; *steel. 862 : -yellow, 601. 
chromic acetate. 868 ; -bromide. 663 ; 
•chloride. 864 ; -compounds, 682, 
684 : -fluoride, 665 : -hydroxide, 
866 ; -iodide, 665 : -nitrate. 665 ; 
oxide, 866 ; -phosphate. 666 ; *m 1* 
phata, 687 ; -sulphide. 687. 
chromicyanidee, 686. 
chromite, 681. U7, 
chromi thiocyanates, 668. 
rhromitile. 661. 

chromium, 860; .carbonyl. 050: *di' 
oxide. 690 : -plating. 662 ; pen* 
tafluonde. 665 : •sesquioxide. 666: 
•Utrafluonde, 666 ; -trioxide. 866. 
chromous acetate, 683 ; -bromide. 884 : 
•carbonate, 684 ; -chloride, 864 j 
-fluoride. 664: -hydroxide. 864: 
-oxaUte.884 : oxide, 684 ; -sulphate. 
864. 

chromyl chloride. 601. 
chrysoboryl. 611. 
chrysocolla. 716. 
ciment fondti, 610. 
cinnabar. 766, 704. 
eis-isomer. 423. 

clarain. 602. 

Clark. 578, 562. 

Clarke. F. W., 16. 

Clark’s process. 183. 
classification of elements. 364. 

Clau<le. 146. 522. 
riaudetite. 856, 

Claus. 501. 

Clausius, 108. 225. 
clay, 805 ; -ironstone. 914. 

Clayton, J., 618. 

Clement. 475, 668. 697, 627. 
clevoito, 963. 
clino.axis. 354. 

cloeeat pocking of spheres, 301. 

Clouet. 12$. 
coal. 602 : -gas. 613. 
eoarso metaC 716. 
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cobftlt» 040 ; atomic weight. 040 ; I 
.bloom. 850, 040 : .carbonyl hydride. I 
051 : carbonyls. DdO i .dioxide. 043 ; 
.^anco. 040; .hydride, 947 : meul* 
lurgy of, 940 ; oociiirenee of. 040 ; 
separation of. from nickel, 045 : 
•sleei, 041 ; .aulphoxylato. 491 ; 
univalent. 045 ; .yellow. 045. 
cobaltammlnea. 417, 044. 
cebaltatea. 044. 

cobalti.«.Ri(ro«>*^.naphthAl. 945. 
cobaltic aluma. 944 : complex com. 
poun<Ui 044: .coropoiinde , 943; 
•cyanide. 044 : .fluoride, 944 : 
•oxide. 043 : .sulphate. 944 ; .wl. 
phide 044. 

cobalticyanidee. 044. 
coba It init rites. 045. 
cobalt i to. 04 U. 
cobaltitee. 042. 

cobaltO'Cobaltic oxide. 040. 943. 
cobalteus bromide. 942 ; •carbonate. 
942: chloride. 041; .compouiula. 
941; .cyanide. 045 ; disulphide. 
043 : .€uoride. 042 ; hydroxide. 
042 ; -iodide. 942 ; .nitrate. 042; 
oxide. 042; .sulphate, 043: *wh 
phide. 943. 

Coehn. 215. 
cohenito. 914. 
coinage. 722. 
oo’ionie link. 413. 
coke. 500 : .ovens, dlO. 
colcothar. 030. 
cold flame. 500. 
cold-hot tube. 202. 
cold-short iron. 018. 
colemanite, 662. 
collision frequency! 123. 297. 
colloidal solutiona, 4. 63. 258 ; dlalyeis 
of, 258 : diffusion of. 258 ; molecular 
weight of. 260 : osmotic preasure of, 
257. 260. 

colour of ions. 441. 

columbite. 878. 

colurabium. eec niobium. 

combination form. 360. 

corabining capacity. 06 ; -weight. 88 : 

•volumes 06, 1 88. 
combustible. 145. 643. 
combustion, 143, 627, 641 : of carbon 
monoxide, 630: catalytic*. 173; of ' 
hydrocarbons 606 . 600. 612, 644; ' 
preferential., 646 ; theoriee of: 

Annstrong's. 631 : Hooke’s. 26 ; 

Lax'oisior'e. 32 : Mayow’s, 25 ; 

Priestley's 31 ; Scheele'a. 3? : 

Suhl’a. 27. 

common ion effect, 300. 
compensating globe. 50. 
complex compounds. 416 : •ions, 315: 

-salu. 776. 
components. 71. 


compoeilion. 1. 
compo-tubing, 835. 
compounds. 14. 16: complox., 416 
endothermic and exothermic. *278 
formulae of. 95; metallic.. 874 
molecular*. 413. 418: molecular 
heat of. 349 ; names of. 94 ; satu- 
rale<l andunaaturated-, 98 : stability 
of. 283. 

compressibility coefllcient. 106 ; of 
elements. 372 : ofgasee. 1(15. 
concentrated soda crystals. 689, 603. 
concentration. 288; -calls, 801. 
coneheidal fracture, I . 
comleneation, 54. 

conductivity cell. 230 ; coofliciont. 
258 : •cur^'ce, 23 1 ; ’deUrnunation 
of. 229 ; equivalent-. 228 ; -ratio. 
255; epacifle-, 228. 
conductore. types of. 229. 
conservation of mass. II. 
constant boiling-point solutions, 211; 
intarfscial angles, law of, 352 ; •pro- 
portions, law of. 82. 

Constant inus Africanus, 862. 
contact action. 142 ; •procsss, 472. 
contravalency, 418. 

Cooke, 871. 

coordinate link, 413, 415. 
coordination compounds, 418, 416; 
•isomerism, 421 ; -number, 382, 413. 
417. 421. 425 ; -polymerism. 421; 
theory of, 421. 

copper. 717 ; action of nitric acid on. 
537 : action of sulphuric acid on. 
731 : -alloys, 722 ; atomic weight of. 
733; bliator-, 729 ; •compounds, ace 
cupric and cuproue : determination 
of. 725; -glance. 718; metallurgy' 
of. 719; occurrence of, 718; -per 
oxide. 730; phosphide, 573 ; prraer- 
tics of, 722; punflcation o^ 720; 
-pyrites. 718 : -refining, 720 ; •ses- 
quioxida, 730; •sulphate, 731; 
•sine couple. 161, 808. 
coprolites. 563. 
coral. 768. 
corn, 412. 

Come. 588. 
coronium, 379. 

correctien of gas >x>lun>sa, 48. 
co r ro si on. 924. 
corrosive sublimate. 791. 

Cort. 917. 

corundum. 805. 809. 

Coetcr. 848. 

Cottrell. 9. 
coulomb. 220. 

couJoiDcter. copper, 220; siK'er, 222; 

water. 41. 

CWtois. 326. 527. 

covslency, 4l4. 444 ; liouU of. 434. 

covallite, 718. 
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Coward. 608. 

Cowper etove. 916. 

Crafta, 206. 

Crawfonl, 762. 

184. 

Crismer. 524- 
iTiatobalite. 650. 661. 
critical increment. 297 ; preaMra. tern* 
perature and volume. 129, 132. 
crocoiaica. 681. 
crocus, 930. 

Crorta. 168. 

Croll. 739. 

Cronatadt. 946. 

Crookes, 125, 379, 400, 539. 917. 819. 

063 ; -glaw. 761. 
crookaaita, 497, 817. 
crueiblas. 813. 

Cruickahank. 150. 627, 762. 

Crum, 643, 811.840. 
cryohydrata. 7o. 
cryolila, 336, 805. 

cryoacopy, aee fraezing* point lovaring. 
crystal, 1. 350. 415 ; -axea. 352, 366 : 
•carbonata, 689, 693 ; •faeas, 352 ; 
•lattice, 357. 389 : mixed>, 350. 361 : 
•notation. 356; 'Ovargrowth. 361; 
•atnicture, 387. and atomic etructure. 
445 : •symmetry, 350 ; •ayatams. 
352 : twin*. 356. 
crysullina tractura, I. 
cryslaihution, 136. 
cube. 351. 

cubic nitre, 604 : •ayatam. 352. 

Cundall. 154 , 640. 564,731. 
cup^ambrone. 016. 
cupallation, 733. 
cuptarron, 419. 

cu])ric acetate, 730 ; •ananata, 8.»0 
•basic aulphata. 730 ; •bromrda. 726 
•carbonataa, 730 ; •chlorldo. 728 
•fluoride. 728: ’*5 

•iodide, 725, 729 ; nitrate, 730 
-nilrila. 731; -oxida. 729 ; -aul- 
phata, 731 ; •aulphida, 731. 
cuprito, 718. ^ ^ 

cuprouB acetyl><lo. 610 ; •brocnida, 725 : 
•chloride, 723 ; •oyanida, 726 j 
.hydride, 723 ; -iodide. 725 : -oxide, 
726 ; -aulphata. 727 ; -aulphida, 
727 ; .xulphite, 727. 
cuprum, 718. 
curio. 300. 

Curie. Mme, 307. 
curium, 408. 

Curtiiifl. 528- 

cyanamide. 621. 641 ; -proccaa. 521- 
cyanatca. 641. , 

63« ; -ion. 639 : 

gold. 745 ; -proccaa for silver, r36 , 
(eats for, 641. , , , . 

cyanogen. 638; -azide. 5M; ! 

641 ; -chloride, 640 ; -iodide. 32 j . 64 1 . 


eyanuric chloride. 641. 
cyclic raaetiona, 142, 
cylindrita. 917. 

cypriuiD, 718. 

Daguerre, 742. 

Dalton, J., 48. 52, 66. 84. 87, 92. 102, 
118. 2 15, 268, 607, 608. 609. 627, 646, 
798. 

DanieU. 220. 230, 233- 
Daniela, 857. 

D'Ana, 487. 

Darby, 916. 

D'Ar^, 506. 

Davy, E., 610. 

Davy. H., 22. 40. 200 , 220. 270, 272. 
325, 379. 502. 514. 626, 546, 572. 677, 
567, 506. 645. 652, 683, 707, 751. 752, 
762, 765. 772. 805. 

Davy. J., 633. 641. 

dawsonita, 812. 

Deacon procaaa. 2U3. 

Dabcau. 513. 

Dabicnie. 398, 401.960. 

Debray. 858. 

Dabua. 454, 494. 406. 

Debye. 240. 256, 311, 349, 388. 
decay constant. 400. 
decompoailion potentiab, 241. 800. 
deflagrating spoon, 34. 
deflagration, 142. 
deformation of ions. 441. 
degree of diaaociation. 1 16 ; freadem, 
70 ; ioniaation. 253. 

Deiman. 60ft. 

Da Jong. 943. 

Do la Kiva. 174. 
iteliqucacenoe. 263. 

Dal Rio. 877. 
delta matel. 722. 

Demokritoa, 19. V2. 

Dempster. 383. 
denitrifying bacteria, 533. 

Dennison. 175. 

density of a gas. 4ft, 52 : determination 

of. 50 : limiting-, 105 ; of a nwiet 
gas, 64 ; normal*. 49. 105 ; relative*, 
40. 104- 

density of a vapour, 40, 105 ; DumM 
method, 58; Hofmann’s metbc<l, 
57 5 Nemat’s method, 61; victor 
3layet’e metho<U 59. 
deph legist icated air, 32, 37. 
doposilion of iona. 241. 
dapreaaioB of freesing point- 247. 
Derosie, 603. 

Dervin, 678. 

Deseolils, 877. 
dosilvering of lc«<l, 733. 

Dcaormes, 85. 475. 568, 597, 627, 
detinning proceaa. 827- 
deUmaling gas. 41. 
detonation wave. 650. 
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d^uteriuro. 176; -pero^ido* 109. 
D^sille. 69. 113. 115, 17 1. 201. 514.541. 

620. 526, 664. 805. 

Pevardd'a alloy. 515. 

Doivar. 132. 166. 601. 
diocid baae. 76. 

OialogiU, 899. 
dialyaad iron. 931. 
diaiyaU. 256. 
diamond. 391. 593. 604. 
diaspora. 805. 610. 
diatoms. 66U. 
dibasic acid. 76. 
diborano. 656. 
dibora t«. 653. 
dibromamino. 527. 
dichloramino. 637. 
dichromatas. 868. 
diolactric constant. 441. 

Dicsbach. 035. 

diffusion of gasaa. 64. 110. 1)8; of 
liquids, 118, 266. 
dihexagonal pyramid. 965. 

Diithey. 650. 
diluents. 616. 
dilution law. 290. 
dinunishe<l nitrous air. 546. 
diraorphiam, 368. 

dinitrogen Uoxoxido. 668 ; •pantoxida, 
641.560; 'tatroxide. 563, 559 ; 
oxide. 541. 640. 559. 
dinitrosoeulphitas, 546. 

DIoskou rides, 191, 784. 786. 
dioxides. 197. 

diphenyliodonium hydroxide. 333. 
dipole. 440 ; 'moment, 440. 
Dippersoil, 602. 
diractod bonds, 435. 
disintegration constant. 400. 
displacement, downward , 163 ; iip< 
ward. 163. 

dissociation. 113: degree of. 1 13. 1 16 : 
electrolytic . 226, 296 : by heat, 113; 
•pressure, 148, 200; theory of. U7. 
distancaa is crystals. 443. 
distillation. 62 ; fractional*. 69 ; 'Un* 
der reduced pressure. 193. 
distribution coefTicient, 66. 
difuJphuryl cldorids. 484. 

Dittmar. 212, 

Di%*ers. 623. 698. 655. 

Dixon, H. B.. 00. 168, 313. 550. 670. 

628. 690. 031, 640. 650. 

Dobecciner, i II. 142. 174. 905, 829. 
dolomite, 756, 772. 
dome. 353. 

Doolan, J., 601. 

Dorn. 900. 

double bond. 09, 412 ; 'Sall, 776. 
Downey, 671- 
Dowos coll. 685. 

Dowson gas. 699. 

Draper, J. W„ 215, 217, 


drier, for paints, 904. 
drikekl. 619. 
dry Mast, 916 ; -ice, 610. 
drying. efTacl on chemical change. 631 ; 
•gases, 163. 

duatMic compound, 415: 'theory. 75, 

220 . 

dufronite. 033. 

Duhamd, 74. 

Dulong, no. 525, 553. 577, 588. 
589. 

Dulong and Patit’a law. 1 10, 344. 
Dumaa. 44. 58, 370. 509, 621. 707, 871. 
877. 

Dunslan. 925. 
durain. 0O2. 

Durand. 154. 
dust celchar. 916. 

D^itch liquid, 609; rnaul. 722 ; 'pro* 
cess. 837 ; 'White. 837. 

Dyar. 692. 

Dyer. B,. 698. 
dysprosium. 903. 829. 

earth, composition of (ho, 16. 
earthenware. 813. 
aartha. 751 : rare*. 810. 
cau de Jas'elle, 262. 
h^belmen, 844. 

K4er. 792. 

Edgar. K. C.. 00, 101, 173. 188. 213. 
214. 

eftiercacence, 180, 
effusion, 112. 
hlggert. 744. 

Kich. 571. 
aidos. 18. 

Klnstein's law of photochemical oqui* 
valence, 216; quantum theory of 

K i6e heats. 348 : theory of 
vnian reoN’cment, 267. 
oka-elcroonts. 376. 816. 

Dkeborg, 878. 

ICUlTod's wire. 966. 

electrical energy, 706 ; 'pressuTe, 707 ; 
•work. 797. 

electric calamine, 777 ; .currant, 218 ; 
-diacharge tube. 965 : fumaco 665. 
596. 597 ; damp hlament, 805 : 
.moment, 440. 

electrochemical character. 374 ; •equi* 
%'aleQt, 222. 

eloetroda, 218 : carbon-. 509 ; -carbon, 
617 : •potential, 790. 
elect rMysia. 218; laws of. 220; of 
ammonia, 519; of hydrochloric acid. 
212. 214 ; of water, 40 ; theory of, 
223.241. 

electrolyte. 218. 223. 236, 263. 310; 
•equilibria. 299. 

ehetrolyticeeU, 218; dissociaUon. 225, 
••40 i .gas, 41 ; •Uarsh apparatus, 
865; •solution pressure, 709. 
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ol^tromftgn«tie separation. 6. 
e^eotromotive force, 796 ; •aerie*. 800. 
electron. 224. 681. 435; •diffraction. 
430; •orbits, 427: •sharing. 414: 
•transfer. 414 : valency-. 412 : aave 
nature of. 435, 

electronegative elements. 374. 
electronic charge. 226 : fonoulae, 412 : 

theory of valency. 4U. 
eiortrophoreais. 6. 
olgi^rroplatinp. 738. 747. 882. 947- 
«lec^oj5^tTT^. elements. 374. 
electroscope, 397. 
electrostatic precipitation. 50, 480. 
electrotyping. 721. 
electro valency. 226. 412. 414. 421. 
olectrovalont link. 412, 414. 
olectrum. 745. 

elements. 14. 10, 22 ; atomic numbers 
of. 307. 385. 394 : atomic structures 
of. 432 : boiling-points of. 373 : 
classification of. 304 : distribution 
of. 16: electrochemical character of. 
374 : fluorine compounds of, 371 ; 
four* 18 ; fusibility of. 373 ; inactive 
96li ; isomorphous. 350 : melting- 

t oinUof, 373 ; molecular u'eighUof. 

93 ; occurrence of, J 6 ; oxygen 
compounds of. 371; prediction of. 
370 : rare-earth-. 810 : symbols of. 
see JroM eovtr ; three-. 20 ; transi- 
tional-. 369. 300. 431 ; transmuta- 
tion of. 20. 405. 
elevation of boiling-point. 251- 
elixir of life. 21. 

emanations, radioactive. 300. 900. 
emerald, 771, 800. 
emery. 8011. 

Emperlokles. 11. 18. 
emulsion. 7. 
emu Isolds, 250. 

enamels. 808. 

enantiomorpbisiD. 424, 661. 
onatitlotropy, 451. 

endothermic reaction, 11. 140. 278; 

substance, 278. 
energy, of activation, 207 ; 

277, 279 ; -conteat, 27$ ; 

707 ; free-, 283. 79? ; ^ 

^78; -ouanU, 216; loul-, #97. 
Engel. 83^ 

Englcr. 108. 

KotvOe* law, 134. 

Epsom salt. 772. 770. 

Jq!Ifubr?uro?’64.71 ; .calculations, 292 ; 
^chemical. 115. 162. 287. 289; -con- 
stant, 208. 297 ; effect of 
and tomperalore on, 293 -4 ef^l of 
oroducta of reaction on. 29u ; 
oaencous-, 289 ; homogeneoue-. 289 ; 
kinetic-. 289 ; ra^liooctivo 
equipartitioo of energy. 344. 


chemical-. 

electrical-. 

iot.nnsic-. 


400. 


equii*alence point, 307. 
equivalent, 56, 88 ; -conductivity, 226; 
determination of, 88 ; -proportions, 
law of. 87. 94 ; -weight, 56. 88- 
erbium. 820. 
erubescite, 7)6. 
erythrite, $50. 940. 
estramadurite. 563. 
estricb -plaster, 759. 

£lard. $71. 
ethane. 609. 
ether, 380. 

ethyl borate. 058 ; -hyponitrite. 556; 
•meiasilicate, 603 : -nitrite. 560 ; 
-orthocarbonate. 623 ; •orthophos- 
phate. 584 ; -orthosilicate. 603 : 
-peroxide. 197; -phosphite, 588; 
-silicoformate. 067. 

ethylene. 007 ; -dibromide, 609 ; -di- 
chloride, 609. 
ethylidene bromide, 611. 
euchlorine. 265, 272. 
eudiometer, 37. 421. 

europium. 820. 
eutectic point, 70, 249. 674. 
eutectoia. 923. 
euxenite. 820. 

Kvans. 952. 

evaporation. 54. 134; latent beat of, 
179 ; in vacuum, 193. 
even aeries. 369. 

exothermic reaction. II. 146, 27C: 
•Substance. 27$. 

expansion, adiabatic, 127. 130; oo- 
efficient of expansion of, for gsera, 
49 ; Joule-Thomaon-, 130. 
explosion, of electrolytic gas. 41 j 
of gunpowder, 703 ; of hydrtgenand 
chlorine. 214; -pipette, 509 ; -wave. 
630. 

face -<’ent red lattice, 390. 

Kajans, 442. 
faraday, 222. 

Karaday, 128. 174. 208. 214, 218. 229. 

381, 465. 640, 926. 

Parrii^on. 0. C., 10. 
feather alum. 814. 

Pe)i6r. 199. 

Feb ling's solution, 726- 
fel^Mr. 697. $05. 

Kenner. 059. 
ferguj^nile. $20. 
fermentation. 018. 
ferrates. 931, 035. 

ferric alums. 933 ; bromide, 932 ; car- 
bonate. 933; chloride. 931; com- 
pouncis, 9311 ; fluoride, 932 ; hyt^*- 
icle. 930 ; ion, 926 ; nitrate, 932 ; 
oxi<lo. 930 ; phosphate, 93p ; sul- 
phate. 033 : sulphide. 034. 
ferrite. 021. 

ferrites. 931. 
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fcrrochrome, 882 : -nurv^^- 

•molybdenum. $U4 : •ssliron. 663 : 
-tunget«n, 8M ; •v*nA<Iium. 877- 
terroeiiee. 028. 
ferrosoferric oxide » 03 J. 

forroue ammonium wilphntc. 92U ; 
bicarbonate. 183. 020; bromide. 
928 : carbonate. 928 ; ehloride. 927 ; 
chromite. 881 ; compounds. 927 ; 
ferrite. 031 ; Auoride. 928 : hydrox- 
ide. 028 ; iodide. 928 ; ion. 926 ; 
nitrate, 020 ; oxide. 928 ; pUoaphete. 
929: aulphate. 929 : aulphido. 11. 
933; sulphite. 03t»: thloeulphate. 
930 : ti unate. 843 : lunpstale. 894. 
fertUisera. 626. 
feateJ metal, 941. 
fibrox. 669. 

Fielding, 664. 
hlnu. 133, 174. 743. 

Alter. 7. 

Alt rat ion, 7. 

Ane metal. 719 : •soKler. 828 : •struc- 
ture, 429. 

Are air. 29 ; -axtinguisher. 620. 

Areclay. 813. 

Aredamp. 604. 

Firth. 173. 

FiKbbeelc. 671. 

Fiacher. O. B.. 87. 

FUeher*s uU. 946. 

Fisher. 634. 

Axed air, 24. 77 : .proportiona, law of, 
82 

Aame.616,lMl ; -cap. 646; eoJd .WO; 
luminosity of. 616, 644 : atructureof, 
642, 644 : temperature of. 649 
Fleitniann, 684 : -teat. 633. 

Aint, 669. 

AoUtion process. 6. 

Aowen of antimony, 868 : of sulphur. 
448. 

Ouoareanatae. 866: -boratae. 66 1 : 

•silicates, 336. 068. 

Auorapetite, 336. 

Auoreecence, i. 336. 

Auoruie. 336 : nitraU. 642 : •oxidsa. 

34 1 : -perchlorate, 643. 

Auorite. 336. 

Auorapar, 336, 763. 

Auoxynlobatea. 879. 

Aux. 781. 
foam. 8. 
fog, 8. 

Fontana. 600. 

Forbea, 91. 

Forersnd, de, 208. 

Fordoa. 493. 

foRDaldehyde. 606. 607. 609. 
fonaatee, 629. 634. 

formula, of a compound. 95; elec- 
tronic-. 412 ; graphic-. 97 ; of 
mineral. 360 ; structoml-. 07. 


Forreat. 745. 

Foucault. 679 

I foul air. 29, 506 : -lime. 613. 

fountain expenmont. 211 

I Fourcroy. 95. 271. 560, 609. 

four elomente. 18. 

fractional crystallisation. 820 ; -distil- 
lation. 63 

fracture, eryaulllne, 1 , 360 ; con- 
ehokial-. I . 
francium, 717 
Pranke,926 
Frankland. E., 646, 647. 

Franklin. 795. 
franklini(e.777. 

Fraaeh procem, 449. 

Fraunhofer linee. 166, 679. 

Frodenhagen, 341. 
free energy. 283, 797. 
frcciing. 247 s -point, 1 ; curve of 
I elloys. 674. 

freesing point lowering, 69. 247 ; eb- 
Qorrnal-. 263 ; molecular-. 247. 
Fiemy. 661, 832. 870, 936 ; salt, 339. 
Fresnel. 692. 

frictional ceeiatance of iooa, 233. 

Friodel. 845. 

Priodrkb. 387. 487. 

Friend. J. X., 779. 
froth. 8. 

fuel. 603 ; 632. 

fulminate of mercury, 796. 
fulminating gold. 749 ; •ailx'or, 740. 
fume. 8. 

funnel, separating. 7. 
fur. in kaltles, 183. 

furruiee. blast. 721. 915 ; oloctrio-. 666. 
596. 697: muffle-. 210; open- 
hearth., 920 : re\*erbera(ory-. 719; 
re^’olvings 601. 
fusain, 602. 

fusible reeUl. 873 : -white procipiute, 
795. 

fusion, letent heat of. 135. 178 : -mix- 
ture. 701. 

CaUer. 673. 

gsdolinite. 820 : -earths. 820. 
gadolinium. 8ti3. 820. 

Oahn. 663. 899. 

Geillard tow'or. 480. 

Galon. 19. 
galena. 833. 
gnllium, 803. 810- 
Oabtaun. 173. 
galvanising. 779. 

Gamble, 667. 
gamma rays. 398. 
gamiorite. 946. 

GarsaroUi-Thumlackh. 272. 
gaa. 21, 24 ; adsorption by charcoal, 
601 : -blMk. 602; blast furnace-, 
916 ; -carton, 699. 616 ; coal-, 613 ; 
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collection of, 141 ; compression of. 
48 ; •constant. llW : density of. 49. 
05, 104. 105. 112: diffusuon of. 110; 
discovery of. 24 : dry ing of. 141. 160. 
103: effusion of. 112: equation. 
107 : expansion of. by heat, 48: 
ionisation of. 397 : kinds of. 2 ; 
kinetic theory of. 118; limiting den* 
sity of. 105; liquefaction of. 128. 
166: •mantles, 846; moist*. 54: 
nalurnU. U06. 964 : •pingue. 21 : 
producer*, 632; separation of. 8; 
solubility of. 63 : 'Sylveetre. 21 ; 
viscosity of. 123 ; •volumes. calcula< 
tion of. Iii8 : water*. 632. 
gaseous ions. 397 : theory* of solutions, 
245. 

gas law. deduction of, I20: general, 
107- 

gastric >uice, 208. 

Oattermann. 326. 

Ciaudin. 661. 

Oaiitier. 571. 

GayUssao. 48. 101. 125. 186.215.273. 
336, 491. 527. 330. 333, 576. 377. 638, 
632. 6311. 684 ; -law of volumsa. 10 1 : 
•tower. 4?7. 

Geber. srr Jubir. 

Oehreke. 383, 

Geiger. 120, 

gel. 250. 

493. 

(•engernbre. 571. 

GeofFroy. 285. 
geometrical isomerism, 422. 

Gei’hAr<lt. 50 1 . 
germanium. 377. 824, 842. 

German silver. 947. 

Gesner. 308. 039. 

Gossner. 948. 
getter. 774. 

Geiither. 583. 387. 
geysers. 66(f 
Gibbs coll. 205. 
gibbsile. 803. 810. 

Gibbs’s phase rule, 71. 

Giesel. 96(1. 

Gilchrist. 019, 
gilding metal. 780. 

Gill kiln. 448. 

Gillespie, 173- 
Ciraii, 382. 

Girvan, 631. 

Gladstone. 114, 287, 527. 
glass. 760; of antimony. 869: 
colours I . 761; Crookes's*. 761: 
crown*. 761 : etching of. 339 ; flint-, 
701 ; optical*. 761 ; soluble*. 694; 
ruby*. 747. 761 : vita*. 761- 
Glauber. 2(M). 243, 254. 716.850 ; -salt. 
296, HD3, 

glouberile. 695, 737- 
glu aconite. 183. 


glase. 813. 

Gieu. 359. 

OJo\*er tower. 477. 
glu4’inum. are beryllium, 
glycerophosphates, 363. 
glycol, 669 ; .chlorhyOrin, 600. 
glyexal, 612. 
glvoximes. 419. 

Qmelin, L.. 233, 930. 938. 945. 
Oodefroy's salt, 7 1 5. 
goathite. 930. 

gold. 717, 745; colloidal. 748: com* 
pounds, 747, see auric and aureus 
fi nonass of. 747 ; fulminating. 749 
green*, 745 : metallurgy of, 745 
•nitrate, 749; occurrence of. 743 
•placing. 747 : properties of, 746 
r^ning of. 746 ; *eelonate, 740 
•sulphides. 748 : sulphate, 740 
•tellurUle. 301. 

Gcdding, 923. 

Gt^dsciimidt, 442 ; •process, 807. 
Gomolka. 568. 

Goo<lman, 548. 

Gore. 346. 848. 

Goulanl's ex tract, 837. 

Graham. 111. 112, 121, 171. 174. 258. 
569. 5?6. 583. 584. 862, 811 ; -dia* 
lyser. 258 ; 'Sol. 93 1 . 
grain tin, 827. 

gram molci’ular volume. 104; -weight, 
1(14. 

granite. 13. 
graphic tclluriiiin. 56l. 
graphite. 597. 
grephitic oxitle. 598. 
graphon sulphate. 599. 

Gray. U. \VhytUw, 90. 101, 103. 107. 

213, 543. 621 
Greek hrc. 763- 
ffrrenockitr. 874. 
greensand. 185- 
green vitriol, 920. 

Gregor. 843. 

Grow, 772. 

Grimm. 443- 
Grinberg. 214. 

Grosso, von. 870. 

Grotthuss. 217. 

Grox-e, 219. 293. 
grow th of plants. 825. 
guano. 586. 

Guericke. O. ^'on. 12- 
Ou4rin. 845- 
Ouimet. 813- 
Gilignet’s green, 857- 
Guklberg, 287. 298. 
gun-metal. 722. 
giinpow'dcr, 703. 

Gums. 943. 

Guthrie. 70. 

Gulseit test, 855. 

Guye. 101. 
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Guyton de Morveau, 95. 12$. 4(KI. 427. 

596. 765. 
gypsnro, 756. 

Haber, 175, 2U. 522. 049 j -proccw. 
622. 

haematite. 9I4» 030. 
haemocyanin, 719. 
baereoglobin. 626. 
hafnium, $24. $46. 

Bogs, 561. 
hair oalt, $14, 

Haleo. 24. 31. 
half'll fe, 400. 

Hall, 173, 606. 

Iialogaru, 317, 341. 

HaloM, 157. • 

Hambly. 340. 

Hombargor. 744. 

.•Kampaon, I3i» 

Kantuch, 300. 

hardnooB, Mohs* scale. 605 : of water. 

I$2. 

Hargroavet preoeao. 6i>5. 

Marker. 208. 215. 

UorkiM. 133. 

Hofris, 769 ; .proeees. $34. 

Horrieon, 744. 

Horteck. 175. 

Uortung, 744. 

Hatchett. 67$. 

HaWhette, 698. 

HatAeld, 655. 
hauerite. 8B9. 

Htuksbea, 559. 
hauarnonniU. $00. 005. 

HautefeuiUe. 172, 6$$. 

Hauy. 866. 35$. 

heat, oxiiaal, 630 ; of combustion, 146. 
280 i 'Content, 279; of dilution. 
260 i of diasociation. 2$2. 439. 660 : 
of evaporatiM). 1 34 ; •of formation. 
260. 282 : of fuoion, 135; meehani' 
cal equivalent of. 17$: of neutralise' 
tion. 280 ; of reaction, 279. 2$0i 
genaratoru, 920 : of solution. 2$0 i 
apecihC'. 176 : .treatment, 921. 
heavy hydrogen. 175; 'Spar. 754: 

•water, 175. 

Heitlor, 434. 

helium, 960. 053: from radium, 301. 
399. 

helix, de Chaneourtoia*. 366. 
Helmholtz, 224. 

Melmont, J. B. von. 21, 150, 2$5, 61$. 
641. 

hemihedral forms. 354. 
hemimorphile, 777. 

Hemming, 692. 

Hempel burette. 50$ : .pipette, 60$. 
Hffnintann TTanllnlrh equatioo, 306. 
Menglein. 206. 

Henkel, 4$6. 


Honneberg. 5$4. 

Henry. 54. 136. 514. 
hepar sulpUuha. 27, 704. 
hectic weloro, 167. 

Kcrakloiloa. IK, 

HvrouH, 

Hocochel, 743. 

Henlein, 493, 495. 
heesite, 501. 

Hess's law. 2$0. 

hetorogeneoua bodice, 3, 15: •equili' 
brie, 71. 296 : •reactions, 2 $9. 
Heusler's alloys. OOU. 
hexagonal lattice.'^ 1 : •system. 353. 
hexakisoctahodron, 352. 

He^'esy. $46. 

HeydwMllor. 12. 

Hazel. $71. 

Hien>e. 940. 

Hildebrand, 340, 

Hill, 574. 

Hillebrand. 963. 

Hinshelwo^. 573. 

Hittorf. 233. 

Hodgson. 162. 

Hoffmann. 73. 524, 527. 772. $14. 

Hoff, van't, J. U.. 245. 253. 67$. 
Hofmann. A. W.. 57. 619 ; K. A.. 615. 

705. 937 : U.. 698. 599. 

Hofmann's vapour density method. 
67. 

Hbho. 450. 

Hoitasma. 172. 

Holker. 474. 

Holmes's signal, 574. 
holniuiB, $20, 
holohodrsl forms. 354. 

Iiolexide. 196. 

Holt. 176. 202. 5$0. 583. 

Homborg. 552. 764. 777. 

Homer, $25. $33, 014. 
homogeneous bodies. 3. 15. 
honeystene. 59$. 

Honigsehmid. 91. 02, 504. $77. 

Hooko, R., 23. 25. 543. 

Hoopee' procces, $00. 

Hope. 752. 
horsoblende. $55. 

bora quicksih'er, 7$0: •silver. 733, 
730. 

Hocstmann, 640. 

Hoyle. 270. 

Huckel, 240. 256. 311. 
hule. 1$. 

Hulett. 790. 

Hull, 38$. 

Humboldt, A. von. 101. 1$$. 

Hume, 755. 

HuiDe>Rothery rule, 675. 

Humpidge. 346. 
humus. 526. 

HurUig. 5$7. 

Huttig, 755. 
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Iiyacinth. 848. 
hybrid ion. 307. 
hybridisation, 436. 
hyilrurgillita, $te gibbaila. 
hydrarpyros, 786. 
hyilrargyrum, 766. 
hydratas, 76. 180. 

hydration of ions, 440; •iaornorism. 
422. 

hydraulic main. 613 ; •mortar. 759. 
hy<lrazin». 626 ; 'hydrato. 526 : 

phata. 629. 
hydridas, 169. 375. 

hydrocarbons, composition of. 613: 
saturatod*» 98. 607 ; unaaturalod*. 
99. 

hydrogel. 662. 

hydrogen. 169; active* » 170; 'atom. 
94. 409, 427 : atomic*. 170 i atomic 
weight of. I1H>: combining volume 
of. with oxygen. 188 ; combustion of. 
36. 40. 146 ; •compounds. 375. 443 ; 
compreisibility of, 106 : density of. 
51; heavy** 1^^* don. 237 ; iso* 
topes of. 176 ; liquid*, 160 ; nascent*. 
170; occlusion of. by meuls, 174; 
orthos 175 : para*. 175 : prepara* 
tion of, 159 : properties of. 166 : 
pure*. 160; solid*. 166; •spectrum. 
166; technical production of. 164; 
union of. with chloruM). 214 ; with 
oiygeo. 188; usee of. 166. 
hydrogen bromide. 319 : •chloride. 200. 

212; •Auoride. 339 ; 'iodide. 329 
hydrogen ion index. 301. 
hydrogenium. 171. 

hydrogen peroxide. 191 : formula of. 
197 ; prepsration of. 191 ; proper* 
ties of. 194 ; stnicluroof. 107 ; testa 
for 197. 

hydrogen sclenide. 498: persulphides. 
469; •siilphidos, 466; •wluride, 
602. 

hydrolysis. 239. 302. 
hydrosol. 662. 
hydrosphofo, 17. 
hydroxUlo, 75. 

hydroxonium Ion. 238: -perehiorato. 
275. 

hydroxyspatite, 758. 
hydroxyl radical. 75. 191. 
hydroxylamlne. 523. 
hydroxylsminium salu. 523. 
hydroxyquinoline. 419. 

Hyman. 84. 
hyporeuUK*toid. 923. 
hyperol. 194. 
hypo, 488. 

hypoanti manatee, 809* 
hypoborato", 655. 
hypobromitoe. 323. 

hypochlorites, 262. 
hypoeutoetoid, 023* 


hypo'iodites. 333. 
hyponitrates. 567. 
hyponitrites, 555. 
hypophosphales, 589. 
hypophosphites. 589. 
hyposulphites. 490. 

t (van't Hoff's factor), 253. 
iatrochemsetry, 21. 
ice. 178. 

Iceland spar. 750. 

icoeitetrahedron. 352. 

ideal gas, 48. 

ignition points. 168. 

illinium, 370. 

ilhiminanta. 615. 

ilmenite. 843. 

imidea, 517. 

imino'group. 517. 

incandeecent mantles. 846. 

incomplete electron group, 431. 

Indian yellow, 945. 
indicators. 306. 
indigo *copper. 718. 
indium. 376, 778. 8U3. 817. 
induced oxidation. 198 : •reactions. 
198. 

induction, psriod of. 215, 327. 
icKluctor. 198. 
inert gases. 960. 

inflasnmsbleair. 24.30: substance. 26. 
infra-red rays. 676. 
infusible white precipitate. 795. 
lngen*llousz, 025. 
itmer qusntum numl>er. 429. 
insolubihtv. inHuence of. on reactions. 
290. 

integrant molecules. 350. 
interfacial angles, law of constant. 352. 
intermediate compound theory of 
caUlysis. 142. 
internal woric. ISO. 
lodargyrito. 325. 733. 
iedatce. 334. 
iodazi<le. 530. 
iodUle of starch, 320. 
ioilidcs. 331. 

iodine. 325 ; -acetate. 332 ; -bromKle. 
333 ; *chlorideB. 332 ; -fluorides, 
341 ; •orthophosphate. 333 : •oxides, 
333; oxyacidsof,333 : -perchlorate, 
332 ; properties of, 327. 329 ; solu- 
tions of, 328 ; -sulphate, 333 ; teats 
for. 327. 329. 

io<<onium compounds, 333. 
ionic compounds. 414; latticos. 414: 
product of wator, 391 ; siae and 
cr>’stal structuro, 362 ; -strength, 
31 1; -theory, 225. , . 

ionisation constant, 290 ; dogroo of. 
229. 236, 253 ; in slogoe, 239 ; -iso- 
merism. 421 ; of acids, bases and 
salU, 237 ; of gasee. 38 /. 397. 
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iMUfling 44<l« 

itmium, 401. 

ionSi 104. 218. 22S; eomplox*. 315: 
do formation of. 442 : gaseous*. 307 : 
hydralion of. 446 : migration of. 

232 : mobility of. 232 ; nomoncla* 
ture of, 218; osmotic pressure of. 

233 : react ions bet u'cen, 227 ; ^coda 
of. 233, 235. 

Iridium, 912. 957. 

iron. 012 i allotropic forms of. 921 
•alums. 033 : .amaIgsjD. 924 
Armro*. 020. 023 ; •rai^n system 
022 ; •carbonyl hydride. 951 ; car 
bonyb, 024 : oarlwnylB. 050 ; cast. 
017 : .dinltrosothioaulphate. 938 
•disulphitlc. 934 : electrolytic*. 923 
•hydrides. 947 : •ions. 926; matlo 
able*, 017; metallurgy of. 915 
meteoric*. 159. 914 : •mouM. 164 
natiN’o*. 914: occurrenco of. 914 
paMive*, 026; pig*. Q17; .pyrites, 
034 : pyrophoric., 024 ; pure*. 923 
reduced*, 924 : rusting of. 924 ; sails 
936 i sec feme and ferrous ; wrought* 
917. 

Ironslorw. 014. 
irreversible reaction. 287. 
ieobare, 3S5. 
isocyanidee. 640. 
isomeric change. 64. 
ieomorism. 64: of complete compounds. 
421. 

isomorphism, 110, 445; exceptions to 
law of. 445. 

isoreorphous elorrwnU, 359 : *nuxtures. 
360. 

isotonic solutions. 247. 
isotopes. 64. 962, 985. 401 ; separation 
of, 384. 
isoeterea, 445. 
i\ory black, 602. 

Jabir ibn Hayy&n, 20. 

Jacobi, 721. 

Jander, 670. 
jargort, 646. 

Jeep. 667 
jet, 603. 

John, 899. 

John^n, 756. 

Joly. 744. 

Jonca, F., 655. 
joula. 276. 796. 

Joule. 119, 940 ; .Thamsoo effect, 130. 
Jowett, 925. 

Jungfleiseh. 66. 

kainite. 698, 772. 
kaolin, 805. 
kaoliniia, 872. 
kapok, no. 61 K 
ksdsiteroa. 636. 


Kaye. 3t». 

Kautsky, 665, 

Kee^m. 964. 

Keggin, 937. 

Kcir. 926. 

Keiscr, 46. 766. 

Kekul6. 113. 

Kellner. 205. 
kdp. 325. 697. 
kernes mineral, 670. 
kemito. 652. 
keroUkia, 19. 

Kessler concentrator, 476. 
kiesfriguhr, 660. 
kieeorite. 696. 772. 776. 
kilojoule. 278. 
kilowatt, 707 : *hour. 797. 

kinelie energy of gas raoleeulea, 120. 
kiewlie theory of equilibrium, 367 ; of 
evaporation. 134; of gases. 118: of 
liquids. 133 ; of solids. 135. 344. 347 : 
of solution. 136. 

King. F. f... 271. 

king's yellow. 661. 

Kingsett. 197. 

Kipp's apparatus, 29. 162. 

Kirrhhoff, 677. 676. 679, 764. 

Kirwan. 37. 712, 762. 756. 
kiA. 697. 

Kjeldahrs method, 615. 

KUproth. 356. 763. 645, 801. 896. 
kleinile, 702. 

knall'gas, se« detonating gas. 

Knipping. 887. 

KohlrauKh. 229. 291. 240. 

Kohn, 452. 

Kolbe. 626. 

Kolitov^ 889. 

Kopp. 119.849. 361. 

Komer. 693. 

Kram, 663. 

Kraut. 268. 
kr)*pU>l, 508. 
krypton. 960. 964, 965. 

Kuhimann. 610. 

Kuneko). 663, 777. 

Kundt. 110, 127. 
kupfeC'Biekel. 046. 

Kunora salt. 584. 

Kurtccwcker. 405. 

Labiliardibta. 673. 
for mtphuria, 454. 

Ladenburg. 157, 431. 

Lambert. 924. 

Lampadiua, 566. 669, 535. 
lamp black. 690, 602. 

Lamy. 617. 

Lana, P., 755. 
lanarkite. 634. 

I.aodolt. 12, 327 ; .pipette, ('8. 

Langer, 206, 950. 

Langlois, 492. 
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Langmuir. 103. 170. i7l. 174. 292. 445. 
051. 

lanthanide vontractlon, 823. 
lantlianide.4. 433. 822. 
lanthamim. 8U3. 
lapia lazuli. 813. 

Lapwortbi 238. 

Loaaaigne, 86G. 

LaoAone. 827. 

latent heat, of evaporation, 179 ; of 
fusion. 178. 

lattice, atoroie, 415; caleita*, 302; 
crystal.. 357. 380, 415 ; cubic. 389 ; 
diamond., 301; fluorspar., 392; 
graphite.. 302 ; hexagonal*. 301 : 
ionic*. 415; layer*. 415: molecular*, 
415 : perovekUe*. 393. 757 ; pyriteo*. 
303. 1)34 : types of. 391 : wurtzite, 
301 ; zinc.blonde*. 301. 
!«aubengayer, CS4. 

Lane. 387. 
laughing goat. 546. 

I«auu‘erenb\irgh. 808. 

Lavoisier. 1 1, 22. 32. 36. 61. 05. 200. 

506. 596. 618. 626, 652, 707, 751. 
Lawton, I.. 777. 

lead. 833 : -acetate, 837 ; action of, on 
water, 187: .accumulator. 840; 
antimonate. 800 j antimonjal*. 854 ; 
argentiferous*. 723 ; oiide, 520; 
bromide. 838 ; .chlorate, 830 ; 
-chloride. ; .carbonate, 837 ; 
-chromate. 830 : -compound*, 835 
(>te4 plumbic, and plumboue) ; *di* 
chloride, 835 ; -dioxide. 839 ; -fern- 
cyanide, 038 ; -fluoride, 835 ; hard., 
864: -hydride, 841; -hydroxide, 
835 : -iodide, 836 ; -ioolopee. 84 ; 
metallurgy of. 834 j -monoxiile. 636 ; 
-nitrata, 838 ; occurrence of. 833 ; 
-ochre. 833: -oleete, 838 : -o^* 
chloride, 836; -pereulphado. 838. 
.phoephates. 838 ; .poiaomng, 635; 
properties of. 834: pyrophoric, 
143, 835; -seequioxide, 841: -•«l* 
phote, 838 : -sulphUle. 838 : ‘te^* 
acetate, 841 ; .tetrochlond^ 841 ; 
.tetrafluoride. 841 ; -tetrathiooato. 
404 : 'tree, 835. 
lead chamber procea*. 475. 
loodhillite, 834. 

Leon, 327. 

I^boau, 595. 

Loblanc. 241 : procees. 59L 
Le Chalclier, 650 ; principle. -95- 
Lecher, 524. 
lecithind. 563. 

Leclench4 cell. 781. 

Lecoo de Boisbaudron. 815, »iv. 
Leduc, 52. 596. 622. 

Le Fevre. 26, 474. 

Lohe, 810. 

I^hmonn, 881- 


LecnbMi, 54. 

Lemep'. 37. 474. 550. 872. 

Lemoine, 289. 

Lengy^, 637. 

I^epape, 965. 
lepUlwrocite, 030. 
lepidolite, 713. 

Leselng, M3. 

Leukippoe, 92. 

Lo Verrier. 572. 

Lera, 647. 640. 

Lewia. 176.410. 659. 953. 

Libavius, 712, 777. 630. 838, 872. 
Licetu*. 764. 

Liebiga condefwer, 62- 
light. cliemicaJ action of, 625. 
lignin, 757. 
lignite, 503. 

lime. 77 : chloride of. 268 : -kiln. 754 ; 
•light. 159 ; quick-, 77. 751 ; slaked- 
754: -alone, 77. 750; superphos- 
phate of. 750 : -water. 754. 
limiting density, 105. 
limonite, 014, 930. 

Linde. 130, 140. 
linkage, types of, 414. 

Unrvoeite, 940. 

Lipowits* alloy. 873. 
liquation, 826. 872. 
liquefaction of gosM. 128, 156. 
liquid air. 131 : -difTusion, 118, 268; 
-hydrogen, lOG. 

liquids, 133 : separation of. 7 : super- 
cooled*. 178. 
liquidus cur\*e. 922. 
liquor amtt*0ni9t 517. 
liquor of flints. 050. 
litharge. 835. 

lithium. 713 ; aluminium hydride. 808 ; 

-compounds. 714 ; -mica. 713. 
lithopone. 757. 

Jitho^here, 17. 
litmus, 308. 

litre. Mohr's. 178; standard, 178. 
liver of ontimonv. 870; of suJphur, 
271. 480. 7tM. 
lixiviation, 691. 
loom. 805. 

Lobry de Bruyn. 524. 

Lockyer. 963. 

Lo»lge.Col troll apparatus, 9- 
loiUngito, 850. 

London, 434. 

Iona pair, 413. 

Longuot-Higgins. 656. 
lopos. 19. 
lorondite. 817. 

Lose bmidi’s number. l-S- 
Lessen, 523. 

Lothoc Meyer's curve. 37 L 
lowering of freosing poird. 247. of 
^*apour preosuro. 260, 254. 

Lowig procees. 688, 931. 
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Lovritz, GOI. 

Lo»Ty. 4GI. 

low temperature oarlKiiiinolUfn. fil7. 
Luce*Hoi«n prooecn. 7H4. 

Lully » Raymond, 

luminoiis flamra. 4»44 : H74. 

tuna c&rufo, 7SU. 
lunar caustic, 741. 

Lunpo, 2Q8, 47$, 544. 
lutecium. 820. 

Luai's tost, 5118. 

lyophilic an<l lyophobic e^)oi<la. 

McAlpine, 871. 

MacArihur, 745. 

McRain, GUI, 

McCoy’s apparatus, 852. 

MacdonaUi, 178. 

McLennan, 175. 

MeUo<l. 142. 175. 

Macciuer, 8$. 95. 596. G88, 935. 
macro^axla. 354 ; •dome, 354 : 'plna* 
koid, 354. 

Maddreira salt, 584. 
magnoa. 809. 

magnesia. 77, 772 ; .alba, 774 ; eal* 
cined*. 774; fluid*, 775: .mixture, 583. 
magnesite. 772. 774. 
magnesium, 752. 760. 773 ; •ammoni* 
um phcsphaie. 775 : .arsonaies. 800 : 
bicarbonate, 775 : boride. 055 : 'bro* 
mide, 773 ; 'carboruite, 774 : •chlO’ 
ride, 773 : .fluoritle, 773 : •hydro* 
aulphide. 778 : hydroxide, 774 : 
•iodide, 773 ; •nilrate. 775: •lulrtde. 
778; .oxide, 773; •ox>‘ehloride. 

773 ; perchlorate, 270 : •peroxide. 

774 ; •phoaphetea, 775 ; .|ilii)«|)hi<ie. 
7^5 ; -platinO'cyaniile. )*.'i7 ; .pyre* 
phoephate. 775 : •MlicUle. 844 : .sul* 
phaie, 778 : >«ulphl«le. 776. 

magnoi ic pyri tea. U33 : > q uent um nura* 
ber, 420 ; eepa ration. 6. 
magnetism, 448. 

EMghatite. 014. 
msgpie test. 875. 

Maisin, 485. 
malachite, 718, 780. 
mslacone. 840. 

51a|]ard, 850. 
blallet, 340. 

Usnehot. 475. 644, 581. 
manganstes. 006. 

manganese. 808 : .alums.085; •bronze. 
900 ; •carbide, 000 ; •expounds, 
900 ; •dioxide, 905 : •disulphate, 
906; •heptoxide. 908 ; 'nitride, 900 ; 
occurrence of, 800; quadrivalent*. 

905 ; reco^'ery of, 203 ; red oxide of. 

906 ; •steel, 000 ; •tetrachloride. 9ti6. 
manganic acetate, 905 ; •chloride. 904 : 

•fluoride. 004 : •oxide. 904 ; phoa. 
phata, 905 ; •^phate, 005. 


ineni'anin. !MH), 

(iiBitpirNle. titHl. 0(14. 
manganil<‘s, tHJo, 
manganoi’alcite. tNj2. 
inanirano-manganir oxide. 005. 
inangaJiMiiK ammonium phcMphate, 903 : 
Ixmtc. tHi4 : -bromide, 902 ; 'Car* 
benate. tK)2 : •chloride, OUl ; •cya- 
nide, 900 ; -fluoride, 901 ; •hyrlrox* 
Hie, 9ii2 : iodide. 902; 'ion. iH)| ; 
•nitrate. 002 ; -oxide, 002 ; -phoit* 
phate. 903 ; •salts, 901 : 'Sulphate, 
903 ; -sulphide, 903, 

Manh^s process, 72u. 

Manley. 13. 

Mannheim process. 473. 
mantle, incandescent. 846. 
marble. 78. 

Marburg, 71t5. 
marcasite. 934. 

Marcus Graeeus, 703. 

:tlarggraf, 74, 580. 8o5, 063. 

Marignac. 83, 1 15. 379, 790. 
marl, 805. 

Marsden, H.. 4(H1. 

Marsh* Itenelius test. 854, 885. 
Marahall. 210, 485. 944. 
marsh gas. 804. 
martensite, 922. 

Martin. OStf, 943. 

Marum. t-an. 128, 150. 

Maschke, 663. 

mass action, law of. 288. 

mass and energy, 13. 

massieol, 636. 

nuiat spectrograph. 382. 

mwmHum. 389. 698. 

mstchos. 504. 

Mstejka, 495. 
matlwkite, 835. 
msile, 719. 946, 

matter, law of eonserv’ation of, II : 

structure of, 92. 

Malthesius. 739. 

Ustthiesaen, 713. 751. 
maximum boilli^ point. 211 : -multi* 
plicity, ruk of. 436 : •work, 283. 
Maxted. 557. 

Blaxwell, J. C.. 104, 117, 119. 123. 224. 
>layew. J.. 23. 25. 285. 200, 626. 
mean free path. 123 ; >'elocity of mole* 
cuka, 119; -square volociiy. lil. 
merhanical equivalent of heat, 178 ; 

mixture, see heterogeneous body. 
Mecklenburg, $32. 
mserschaura, 772. 

Meigen*s test. 758. 
meiler, 880. 
melaronite. 718 

melting pednU of elemenU. 373. 
Mcndekeff, 366. 495. 
mendipile, 835. 

Mensel, 178. 
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M^nsi^, 86U. 
ra«phitic air, 33, 506. 
merraptan. 469. 
mareurammine campouDds, 795. 
mercuric aceCylide, 795 : bromude, 
793 : > carbonate. 794 : -chloride. 
791; -cyanide, 70o ; •futminate, 
79o ; •fluoride, 7Dl ; >10(11(16. 792; 
•nitrate, 794 ; •nitride, 795; -cxido. 
793; -oxychloridea, 793; •periodide. 
793 ; -peroxide. 793 ; -adphaie, 
794 ; sulphide, 794: 'thiocyanate, 795. 
menuriu4 (oleinaixu ptr ec. 30, 33 : 

•prateipUntut ptr 9*^ 3,3, 703. 
merrury, 760, 786 ; coUoiileh. 7$8 ; 
mctaUurjty of. 760 ; puriflcation of, 
767; properties of, 788. 
mercurous bromide, 700 ; •carbonate, 
799 ; -chloride, 760 ; • fluoride. 760: 
•iodide, 790; -nitrate, 790: •oxide. 
790 : -sulphate, 790 ; -sulphide. 790. 
mci^thorium, 401. 
moxtcm, 862. 

mctnaluminatce. 811; -aluminium 
hydroxide, 811: •boralca. 653 
-cinnabar, 704 ; -elements, 810 
-phosphates. 583 ; -etannatee. 833 
-s(anrty) chloride, 833. 
metalloiue. 648. 

rnetols, 364. 416, 673: action of, on 
water, 160; calcination of. 34. 37, 
32 ; crysul structure of, 300 : 
electromotive series of. 800 ; extrac- 
tion of, 673 5 noble-. 737 ; proper- 
ties of, 364 ; single potentials of, 
609 : solution pressure of 709 : 
welding of, 9 1 8. 
metaatabla form, 179. 
rnotcorites, 17, 014. 
metbana. 604. _ . _ 

methyl chloride, 607 ; -orange, 307 ; 
•red. 307. 

methylene chloride, 007. 

Meusnier, 39. 

Meyer, 200, 330. 485, 709. 

Meyerhoffar, 250. 

mica, lithium-, 713 : potash-, 097. 

Michael, 270. 

Michsolls, 475. 

Michalak, 709. 
microlmlaneo, 107. 

micro(^09mic salt, 695. 
micron, 4. 

Middleton. 043. 

Mlers, 003. 

migration of ions, 232. 

milk!’ potassium in, 698; of sulphur. 

mt*r. 233, 670. 588: -indioea, 367; 

•process, 745. 
mdlcrito, 946- 
MilUkan. 226- 


millilitra, 178. 

klillon, 273. 274. 638 ; -base. 796. 
Iilills, 038, 708: -Packard ebambera, 
477. 

Milner. 540. 
mireetite, 760. 860. 
minerals, formulae of, 360. 
minium, 839. 
mirrors, 737, 828. 
miscibility of liquids, 7, 66. 
mispickel, 869. 
mist. 8. 

Mitehill, 31. 

Mitseherheh, 110, 113, 142, 140, 358. 
407, 569. 

mixed crystals. 360, 770 ; •metal, 821 ; 
•oxide, 146. 

mixtures, isomorphous, 36 ; mechani- 
cal*. 3. 83 : separation of, 15. 
mobilities of ions. 232. 

Moebius proceas, 736. 

Moeller, 485. 

Moers. 109. 
mofette. 33. 

Mohr. 178: -litm, 175: -salt, 029. 
Mohs* scale of hardness, 605. 

Moiman. 367. 469. 400, 572. 575, 500, 
664. 658. 747. 761. 762, 843. 803. 
moist gasca, 54. 

moisture, catalytic effect of, 031. 
mol. 104. 

molar volume. 104 ; -veight, 104. 
molecular attraction, 128 ; •collision 
rre<)uency, 123 : -compound. 413. 
410 ; -depression of freesing point. 
247 ; -diameter, 122 ; -olovation of 
boiling point, 250; -energy, 121: 
•heat. ISO. 349: -lattice. 415: 
lowering of vapour proesure. 250; 
•magnitudes, 124 ; -surfsce energy. 
134; -velocity. 121 : • volume. 104. 
molecular weight. 104, 245 ; by tailing 
points of solutions. 251 ; of colloids. 
201 ; by density of gas or vepo^, 
104; by diffusion, 111, 201; by 
effusion, 112 ; by freesing points of 
solutions, 247 ; of liquids, 154.* by 
osmotic preesuro of eolutions. 24^ 
by lowering of vapour preeeure of 
solutions, 250. 

molecules. 192 ; attraction of. 128 ; 
Avogadroon, 102 ; dianiclerof. 122 ; 
of elements, 103 : existence of. 267 ; 
gaseous-. 192; motion of, 118; odu-, 
438 ; orientation of. 138, 

440; siMa and shapes of, 438. 44 J; 
speed of. 121. 

Moles, 188. 615. 622. 
molibos, 833. 
moloxide. 108. 
molybdenite. 693- 

molybdenum. 880. 893 ; .carbonyl. 950. 
molybdoena. 697. 
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monacid baao. 76. 
montaiM. 820, 846, 964. 

Mond. 608. 050 ; carbonyl process, 
946: gaa, 633. 

Monel metal. 728. 
ilong*. 40. 128. ^ 
monobasic acid. 76. 
monobromamine. 527. 
reonochloramine. 587. 
monoclinic system. 954. 
monotropy. 451. 

Moody, O. T.. 924. 

Mooney. 487. 

Moore, 876. 
mordanU. 810. 

Morley, E. W.. 46. 51. 90, 190. 

Morren. 465. 

Mono, 244. 
mortar. 755. 
nosaic gold, 833. 

Mosaloy, 304. 

Moureu, 592, 063. 
rauiflc fumaco, 210. 

Muller von Reichensteln, 501. 
mulUte, 812. 

multicoordinating groups, 418. 
multiplo proportiorts, law of, 84, 04. 
Muntt metal. 722, 780. 

Murdock. W., 613. 
muriatic radical, 200. 

Murphy. 176. 
muacovita, 697. 

Muahet, 016. 

Mycn. 580. 583. 

nagyagito, 501. 

Naplea yellow, 869. 
naacent state, 170. 
natron, 73. 

Katteror, 120. 
natural gas, 605, 064. 
nebulae. 370. 
nebuUun. 379. 
negative valency, 415. 
neodyiaiuiD, 8S0. 
neon. 960. 064. 
naphelometer, 01. 

DMtunium, 407. 

Kemst, 61. 107, 167. 216, 232. 283. 292. 

452, 700. 845. 
nesquehanite, 774. 

Neasler reagent, 709. *- 
Neatoriana, 20. 

NeuTDaxin'e law, 340. 
neutraitsation. 74, 237 : beat of, 238, 
901. 

neutral point, 307. 
neutron, 406. 406, 400. 

Newlan^, 366. 

Kewtb, 165. 608. 

Newton, 285, 595. 
niccolita, 850, 948. 

Nicholson, 40. 


1 nichrom, 047, 

nickel, 912. 046 : ammonium sulphate. 
040 ; atomic anight of. 040 ; .bloom, 
040 ; .brsM. 78U ; -carbonate. 048 : 
.carbonyl, 946. 05U : -cauiyst. iM7 : 
-chloride. 047 ; complex cyanides 
of, 049; .Jimothylgly oxime, 040 ; 
•glance. 850. 946 : .hydride. 047 : 
•hydroxide, 947 ; motallurgy of. 
046 : .monoxide. 048 ; nitrate. 048 : 
occurrence of. 046; peroxide. 948 : 
•seequioxide, 048 : -steel. 947 : •sul- 
phate. 948 : .sulphide. 948 ; univa- 
lent. 947. 

NiUon. 61. 376. 843. 
niobium. 848, 878. 
niton. ««« radon, 
nitrareido. 657. 
nitrate ion. structure of, 650. 
nitrates, eatimatlon of, 515. 543: 
manufacture of, 538 : occurrence of, 
694. 702. 

nilia. 702: •air. 26; eubio*. 604; 

•oven. 477. 
nitric oxide, 543. 
nitride*. 512. 
nitrkling, 921. 
nitrifying bacterium, 593. 
mUitee. 651 : estimation of, 552. 
nitrogen. 506: active-, 512; com- 
pounds with hydrogen. 513; com* 
poui^ with oxygen. 532 : -cycle, 
539 ; -dioxide. 653 : fixation of. 621, 
539, 539 : -aueride, 52? ; •group. 
848 : -iodida. 527 ; •oxidee and oxy- 
acids, 692 : 'pentoxide, 541 : 'pW' 
oxide. 553 ; preparation of 507, 510 t 
properilsa ol^ 512. 848 ; atructore of 
compounds of, 630, 650 : technical 
production of. 508 : tetroxido, 653 ; 
-tribromido, 627 ; .trichloride, 625 ; 
Irifiuoride, 527 : -trioxide, 549: •sul* 
phidea, 560. 

nitro-copper, 555 ; -group, 560, 560. 
nitrolim, 521. 
lutrocDetar, 544. 
nitron. 537. 
nitropru^dea. 938. 
nitroei tying bacteria, 693. 
nitroeo-carbonyla. 951 ; -group. 657. 
oitrous air. 26. 549; •anhydride, 632, 
549 : -oxide, 546. 660 ; •vitriol, 477. 
nilrosyl bromide. 558 : 'Chloride, 557 ; 
•disWpbate, SS8 ; -fiuoborete, 558 ; 
•fiuonde, 558 ; -hydrogen sulphato. 
558 $ •porcblorate, 558. 
nilrum/ammaRs, 710. 
nitryl chloride, 642 ; -fiuoride, 542 : 

•percblorata, 548. 
niz ol6a. 779. 

Noble, 703. 

noble metals. 737, 953. 
necriluea, 563- 
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Koddack. 216. 744. 
nomanclatura, 74. 04, 
oan-maUls. 664 : al«ctronioti>‘o 
of. 800. 

non*polar compounds, 4] 4; •liouids, 
440. 

Norga aalpatar. 540. 
normal danaity. 49 ; •salt. 76 : •aCalo, 
427 ; 'tomparatura and proaaura 
(N-T-P.), 50 ; .vakncy. 416. 
Korthmoro. 128. 
notation, 04. 

Noyea, W. A-, 47. 
nuclaar eharga, 404. 
nucleus, 305. 404, 409. 416. 

occlusion of hydrogen by rnatals. 171. 
octahedral arrangament of valencies. 
423. 

oetahadron. 352. 
octaves, law of, 366. 
octet atructura. 410, 414. 
odd molacula. 428 i •aeries, 360. 
Odiing. 154. 266. 200, 488. 

OarsiW. 805. 

Ogg. 780. 

Ogier. 374. 

Ohm's law, 230. 
oildag. 507. 
oil of vitriol. 474. 
nlehant gaa. 600. 
oleum. 473. 
olivine. 774. 

Olstawaki. 166. 

OJympiodoroa. 850. 

Onnoa. K., 064. 

Open 'hearth proceaa. 020. 
optical Isomeriam, 428. 

Orford process. 046. 
orichalcum. 766. 
orpiment. 850. 860. 
orthita. 820. 

ortho.axis. 334. 

orthorhombic system, nt rhombic ays* 
tarn. 

O'Shea. 260. 
osmirUUum. 054. 

osmium. 012. 037 ; -carbonyl, 030. 
osmotic coefficient, 236. 
osmotic praafiura, 243, 254, 236 : of 
colloidal solutions, 261. 

OatwaJd, W.. 34, 64. 08. 143. 290. 290. 

300, 316, 485. 660. 703. 

Oswald, 353. 
overgrowth crystals. 301. 
over-potential. 801 ; -voltage. »>l. 
oxidation. 34. 08. 143, 103, 227. 801 : 

induced, 108. ^ 

oxirloa. acidic and basic. 73 ; action of 
heat on, 130; amphoteric. 75, 781. 
all; double., 75; mixed*. 146; 
neutral- 75 ; typos of, 144. 
oxioe, 410. 


oxyacat3*Iai>e blow*pipe, 160. 
oxyacid^ 74. 

oxygen. 34. 136: absorption of, 147; 
atomic weight of. 94 ; combining 
volume with hydrogen. 36, 42. 188; 
combustion in, 143 : compounds of, 
371; compressibiJity of, 106; ^n- 
sity of. 32 : detamloaCion of, 147 ; 
discovery of, 30 ; from air, 147; from 
h3’drogan peroxide. 1 95 ; from 
oxidea. 139; from salts. 139; from 
water, 41. 138 ; heBv*y.. 176 ; liquid. 
I2U; -mixture. 140 ; -molecule, 438; 
preparation of. 138; properties of, 
143, 880; technical production of, 
148; teats for. 146 ; uaos of, 130. 
oxygenated water, 191. 
oxy- hydrogen blowpipe, 160. 

Oaonair apparatus, 138. 
otone. 150. 107. 
ozonides. 153. 

packing fraction, 386. 
paktong. 947. 

palladium. 012, 957 ; -hydride, 171. 
Paneth, 130. 

Papyrus of Leyden, 10. 

Paraceleua. 20. 863. 872. 

parachor. 135. 

paracyanogen. 038. 

parametral plane. 350 ; -ratios, 356 

parasiannates. 832. 

parastannyl chlorida, 832. 

Wria green, 850. 

Park, J. R., 633. 

Parker, H3. 161, 364. 

Parkca process. 735. 

K irtial pressures. 62. 207. 

sriington, 271, 355. 656. 
partition cocAicient, 66. 

Pascal. 384. 

pasais'ily of metals. 883. 926. 

Patera, 733. 

f itronito, 877. 

attinaon process, 734. 

Pauli's principle. 429. 

Pauling. 437. 870, 939. 

Payne, J., ft2o. 

F4an de &inte-Oillos, 031. 
pearl asli. C07, 701 ; -hardening. 737 
whito, H72. 
pcarlite. 022. 
peat, 603. 

Fcbftl. 114. 270. 

Pc«Ucr, 567, 568. 

Peel. 301. 

Pcligot. 871 ; bbK. 892. 

Pellet icr. 388. 
pencils, blacklco^l. 508. 

Penot's method. 270. 
pcntlandite. 1M6. 
perbomtee. 658. 
jicrearbonatca, 623. 
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perehbr«t«fl, 265, 2?5> 276. 
p«rchromat«6. 692. 

pefcupr«t«a. 750. 

Percy, 735, 
perfect gM. 49. 
perferrates, 935. 
perterrito, 031. 
perhydrol, 192. 
perielAM. 773, 
periodatee, 935. 

periodic law. 366 : '(eblc. 367. 376. 411. 

490. 432 : «« hath cortr. 
peiTDencnt gUi 139; •heritncM. 194 : 
•whi<e, 787. 

permangenetea. 006, 

permengenilea. 905. 
permuUc, 165. 
perovekite. 397, 787, 
peroxulee, 146, !97, 8X7, 716, 751. 
perphosphaica. 595. 

Perrin, 2f>&. 391. 

Perrol. 622. 
perstennetM. 993. 
persulphetcs. 524. 
pervulphuric enhyilride, 495. 
pert hiocerbona ice, 639. 

C »Uli(e. 713. 

eterkin, 550. 

Petit, no. 

Petrie, 013. 

S >trifection. 601. 

eitcnkofer e metho<1, 627. 

Pctlereeort. 61. 376, 843. 

f ewter. 835, 850. 

faff. 96S. 

Pfaundkr. 117. 
rreffcr. 244. 

Pharaoh'e serpent. 10, 795. 
pharmacclitc, 950. 
phase rule, 7 J . 
phases. 9, 70. 
pherwIpMheloin. 307. 
phialc. 19. 

philosopher'e stone. 20 ; 'Wool. 778. 
phlogielicatod eir. 32. 506. 
phlogieten, 23, 27. 31, 37. 40. 
phosgene, 630. 933. 
phoepham. 591. 
phoephamide. 591. 

phoephates, 581 : aeparation of. 581 : 

testa for, 592. 
phosphides. 573. 
pho^hine. 57 1 . 
phoaphonitrile chloride. 591. 
phosphonium bromide, 574 ; •chloride. 

573 ; 'iodide, 574. 
phosphor'bronac, 722: tin, 828. 
phoephorescenco, 566. 784. 
pho^hor«ti4xl hydrogen. 571. 
phonhorite, 759. 

pboephorus. 34. 564. 948 : allolropic 
forma of, 595, 569 : amorphCKis.. 
569; B8Jd«*in's. 754; black. 569: 


biimii^ of. 579 : .diehloride. 676 ; 
•dihniridc. 574 ; •di ioUi<lo, 679 : 
glow of. 569 : .halitlce, 275; Horn* 
berpM.. T54 : .hydridee, 571, 675: 
metallic'. .568 ; .nitriilce. 591 : »QX- 
idea and oxyaciile. 579; -oxybro* 
mUie. 578 : 'Osyrhloritle. 579 ; ‘Oxy* 
fluoride. 576 ; .pehUbromide. 578 ; 
.pcntecblorkle, .57? ; 'pentafluorido, 
576 : 'pentoxide. 570. 599; .porox' 
i<le. 579 : phase diagram of, 598 : 
properties of, 585, 948; rod*, 569; 
scarlels 568 : >i«uboxi<ies. 570 ; 'Sul* 

C hides. 500; .totroxide, 597 ; -tri- 
romidc. 578 : 'trichloride, 576 : 
•Irifluoride. 575 ; •tn'io%!ido, 578 : 
•trioxide. 585 : white*. 565. 
]^osplkor>*l chloride, 579 : •fluoride, 
679 : 'Bitrulc. 591 ; 'radicsl, 5H4. 
photochemicsl equivalence. 219; 'in* 
duclion, 215; 'sensieieor, 217; 

•union of hydrogen and chlorine, 
214. 

photoelectric cell, 408. 715. 
phologrsphy. 742. 
photometer. 792. 
photoeyntheeie. 624. 
pU value. 901. 
physics I changes. 10, 

Fickering. 732, 

Picon, 595. 

E icromoriles, 929. 

ielot, 129. 

Pier. 206. 

Pierre. 212. 
pinakoid, 853. 

E Inch beck, 780. 

intsch gas. 953. 

Ptntza. 101. 

Piolrowski. 571. 

f itolibkndo, 397. 805, 
itter, 856. 

t ianar arrangement of vslenciss, 422. 

'knek. 215. 

plane of aymmetr>’. 351 • 
plants, growth of. 925. 
plaamelyaia. 247. 

E laaler of Paris, 757. 

latoau's sosp eohilion. 9. 
platinammincs. 957. 
platifueed asbestos. 955. 
platinum. 912. 053 ; 'black, 955 ; cata- 
lytic action of. 173. 475, 955 ; col* 
loidal'. 955 ; •compouAds. 035 ; 
•q>onge. 955. 

Plato. 779. 

E lattnerite. 933. 

laltnor's chlorine proceea. 746. 

Plait. 579. 

Playfair. 113, 939. 

Pleasy, 493. 

Pliny. 17. 73. 733. 796. 833. B99. 
Pluckor, 381. 
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plumbago. 503, 509. 

|iluinbal«9. 84U. 

plumbic chloride, 841 : •compounds. 

839; 'Sulphate, 841. 
plumbiles, 837. 

plumbous acetate. 837 : bromide, 83C ; 
carbonate. 837 ; 'Chlorate. 836 ; 
chloride. 835 ; chromate. 839 ; •Auo« 
nde, 336 ; 'hydroxide. 636 : 'iodide. 
836 ; 'nitrate. 838 ; -oxide. 836 ; 
•persulphide. 838 : 'phosphateft, 838 ; 
•sulphate. 838 ; -sulphide. 838. 
plumbum candidum. 836; -cinmNm. 

873 : 626. 

plutonium. 407. 
pneumatic trough. 141. 
polar cha racter, 4 1 5 : e ompounds. 414; 
•molecules. 440. 

polarisation of atoms. 442 ; electro- 
motive force, of, 229. 
poling, 721. 827. 
l>ollard, 748. 
pollucite. 715. 
pollux, 716. 
polonium. 880. 807. 
polybasic acids. 310. 
polycraa, 820. 
polyhalidas. 713. 
polyhalito. 698. 
polymorphism. 358. 
polyphosphates. 584. 
polyauJphides. 704. 
poropholyx. 779. 

Pontin, 797. 

Poppiuf. 26. 

f orcelain. 813. 
orrot. 935. 

I’ortland cement. 759. 

positive electron, 406 ; nuclc«is. 400 : 

•ray a. 382 ; -valency. 417. 
positron. 406. 

poUsh, 607. 700 : 'deposits, 608. 
potaasamids. 516, 704. 
potaaslum. 683, 697. 698 : analysis of. 
706 : 'antimonate. 869 ; -antiroonyl 
tartrate. 871; a rgenlocy ani do, 7 4 1 
•aurale, 748 -auricyanide, 748 : 
•aurocyanide 748: 'bicarbonate. 
701; 'bichromate. 889; 'bismuth- 
ate 876 : 'bismuth thiosulphate. 
877} 'borates. 700; -bromate, 
324 ; -bromide, 322 ; -carbonate, 
701; -chlorate. 140. 203; -chloro- 
aurate, 747 j -chloroaunte. 748 : 
•chloride. 699; -chlorochromate. 
892 ; -chloroplatinate, 956 ; -cbloro- 
niatinite. 056 ; -chromate. 890 ; 
'cobalticyanide. 946; -coballo- 
cyanide. 945 ; -cobalt mi trite. 045 : 
•cobaltoni trite. 045 ; -cuprocyanide. 
727 ; -cyanate. 704 ; -cyanide. 7t>3 ; 

. dichromate. 889. 8W ; •dinilroso- 
Bulphite. .645; 'dlsoJiihate, 706; 


'f^mte. 935 : 'ferncyaiaide, 93t 
937 : -ferrocyamde. 935. 937 ; -fer 
reus carbonate. 929 ; -ferrous ferro 
oyanide. 936. 937 ; -fluoridm, 330 
609 ; -hexathionate. 406 ; -hydride 
690 : -hydroxide, 700 ; -iodate, 334 
•iodide. 331 ; -roannnate. 906 
-mar^enicyanide. 009 ; mangano 
cyanide. 909 : -metantimonite, 8C6 
mereuri-iodide, 7D2 : -nitrate, 702 
•nitrite. 551. 703 ; -nitros^isu! 
phonate. 561 ; -osmate, 058 ; -earn' 
amate. 958 ; •oxides. 700. 716 
-pentBthionaie.494 ; -percarbonates 
623 ; -perchlorate, 140, 263, 275 
•periodate, 335 : -permanganate, 
M7 : -perruthenate, 058 ; -persuJ 
phate. 486 : 'phomhates, 704 
•phoaphide. 704 ; -pfatinate. 956 
•plumbate. 840 ; radioactive-. 69 D 
reagent for. 706 ; -ruthenate, 958 
•salt deposits, 608 ; -selanocyanide 
407 : -aelenosul phate. 500 ; -sul 

S ihatea. 705; -sulphidee. 704 ; tesU 
or, 706 : -thiocyanate. 704. 938 
•thioferrite. 034 ; -thiostannate 
831; -tri-iodide. 328.713; -xanthate 
038. 

Pott, 805, 872. 899. 

Potter. 860. 
pottery. 812. 

Pouchei. 212. 

powder of Algaroth. 867 ; -method, 
388. 

Powell. 578. 052. 
praseodymium. 820. 

Pracht process. 701. 

I precipitation. slsctrosUtic, 0: of sul- 
phides. 313. 

I pro-flame period, 168. 

' pressure, gaseous. 110 ; partial-. 52. 
PHealley. 24. 27. 31. 33. 36, 40, 138, 
200, 463. 506. 513. 534. 546. 553, 625, 
626. 627, 

I primary action, 210 ; -inatter. 18, 3"9. 

I Pring. 634. 

I Pringsheiro, 215. 

I priorite. 82(^ 

I prism form. 352. 

Probst, 589. 
producer ga^ 632, 
promethium. 379,823. 
promoter. 1 6-7. 522. 
proportions, constant 62 ; equivalent-, 
86 : multiple-. 84. 
prosiloxane, 6G5. 
protargol. 738- 
protoactinium. 401, 879. 
proton. 224. 238. 
protyle. 370. 

I Proust, 82. 85. 853- 

P roiislile, 733. 
rout's hypothesis, 378. 
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Prussian blue* 035, 036. 

f ssudo-alums. 443. 

Btudomona* TQdieicota, 533. 
psaudoTBOrph. 451. 
psilomelano, 890. 

C 'dling process. 917. 
h. 843. 

Pupin coil, 904. 
pun siibat«nc«Si 2. 14. 83. 
purification of coal gas, 613. 
purple of Cassius. 746. 
putty powder, 831. 
pyramid form. 35i. 

f yrargyrito, 733. 
yrono, 637. 

pyrites burners. 476 ; •cinders, 730 ; 
copper*. 718 : iron*. 034 ; magnetic*. 
033. 

pyrogallol reagent, 147. 
pyrographitic oxide, 509. 
pyreluaiu. 760, 800. 005. 
pyromorphite. 360, 750. 834. 
pyrophoric iron, 0i4 ; *1004. 835. 
pyrophosphates. 563. 
pyrosulphatea, see diaulphalea. 
pyrosulphuryl chloride, srr disul* 
phuryl chloride, 
pyrrhotite. 033. 

quantum nurabsfs, 427 : •theory. 215. 
347. 

qusrtatien, 746. 
quarts. 659. 

J uicklime, 77, 764 ■, •siK’or. 786. 

uineke, 950. 
quintessence. 16. 

E, see gas constant. 

radical. 75 ; valency of, 00. 

radioactive elements, 401 ; •series. 403. 

radioactivity, 308. 

radiothorium, 401. 

radium. 307 •. 'ecDanation, 399. 

radon. 390. 960. 

rain, 8. 181, 633. 960. 

lUman effect. 439. 677. 

RammsIsboM, 705. 

Ranuauer effect, 443. 

lUtosay. 107. 127. 134, 135. 390. 492. 

606. 549. 654. 655. 961. 063. 

Raoult. 247, 250, 25 1. 
nphides. 762. 

rare earths. 370. 803. 810. 821. 

Reschig. 524, 628, 559, 661. 749. 
rate of reaction, 288. 
rational intercepts, lau* of. 356. 

R*y. 634, 944. 

Reyleigh. 48. 51. 133, 506, 612. 622. 961. 
raylssa change. 401. 

Raymond Lully. 20. 
ra^ actinic, 625 : alpha*. 398, 4U3 : 
beta*. 308; gamma*. 398; infra* 
rad*, 676: ultra* violet*. 676. 


Razl. al. 20. 

reaction, law of, 205 ; ravsraibls*. 28$. 
Headman, 564. 
realgar. 850, 860. 

R^uraur, OiO. 
reealovcncc. 023. 

reciprocal proportions. 82. 
red copper ore. 718 : 'lead. 839 : *pre* 
cipitatc. 703 ; 'prussiate of pot^h. 
936 : 'Short iron. 018; *zinc oro. 
777. 

Re«londa phosphate, 563. 
reduction. 171, 227. 630. 801; 
oxidation. 

refractory bricks, 660. 882. 
regeneratore, 920. 
itegnauit, 48. 50, 484, 514. 
regular system. 352. 
reguluH of Venus. 865. 

Reich. 817. 

Rcichcnhcim. 383. 

Keihlen, 871. 

Reinganum. 2il6. 

Rcinach test. 858. 
relative density. 49. 
rdalivity. 13. 

residual rays. 389 ; *valdney. 416. 
resonance. 437. 
respiration. 20, 31, 33. 618. 

Hetgexs. 361, 567. 
reNerberatory furnace. 719. 
reversible reactions. 280. 626. 

Hsy. J.. 24. 321. 

Khases.20. 

rhsnium, 910 : •carbonyl. 950. 
rhodium. 912. 058 : •carbonyl. 050. 
rhodecrosite. 899. 
rhndonite. 899. 
rhombdodecahsdron. 352. 
rhombic s>'stcin. 353. 
rttombohodron, 355. 

Kiban. $71. 576. 

Richards. 84. 00. 758. 

Richter. 87. 817. 

Riding. 712. 

Rieaenfeld. 157. 893. 

Kiraman‘s green, 781, 043. 

Rio Tinto process, 720. 

Ri\w, de la, 174. 
rit*er water. 182. 

Robbins. 930. 

Robinson. 564. 638. 

Rochlirtg. 615. 

reck cr3*8Ul, 661 ; 'Salt. 085. 
rocks, disintegration of. 697. 

Roebuck. 474. 

Rodebush. 683. 709. 

Rodger. 591. 

Holland. 692. 

Roman alum, 815. 

Koin4 do risle. 358. 
rongslite, 401. 

Hentgen, 387. 
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root mean aquare >*elocity. |2S. 
Kooieboom, 172, 208, 932. 

Hoacoe. 212. 215. 360. 635. $77. 

Rose. 484. 857. 867. $7$: -neUl. $73. 
Hosoncrana. 755. 

Rouelle, 700. 
rouge, 930. 

Rouaain*d aatte, 936. 

Hoyen. 675. 

nibidiom. 715. > 

ruby. 809 : •ail^'er. 733. 

Rud^ov. 671. 

Ruff. 607. 844. 944. 

Rupert. 212. 

Riiahton. 857. 

Huiaeli. 402. 670. 
ruat. 024. 

ruating of iron. 034. 

ruthemu/D. 012, 055 ; carbonyl. 950. 

Rutherford. D., 506 ; £. 126. 305. 406. 

400. 000. 
rutile, 643. 

Rydberg. 370. 304, 396. 


Sabatier, 460. 

Sachtlaben. 02. 

aefety lamp. 645. 

Sage. 665. 

eel alevbroth. 702. 

eel enunoniec. 613, 705. ; -•edelj>Ttfn. 

652 ; •volatile. 700. 

Salazar, 622. 
aaltcake, 210. 

aait. common, 666 j Epaom*. 772, 775 ; 
•glazing. 666 ; Glauber*. 200. 605 ; 
.meadowa. 656 i Schlippe’a-, 571 ; 
of tartar, 607. 
aaltpetro. 702. . 

saJta. 75 ; acid-. 210 ; baaic*. 77 ; com- 
plex', 776 ; double-, 776 j normal-, 
76, 

Salaer. 565. 

aamarium, 820. 

aamarekite. 820. 

aand. 601 ; ‘lime bncka, el** 

Bapphire, MO. 

Batin spar, 756. 

BAturated compounda. 08 ; -hydro- 
carbons. 607 : -solutiocis. 67. 
acale, boiler. 153. 

Bcalenohixlron, 355, 

Scahger, 053. 
erandium. 620. 

&h«lr27”o. 13*. MO. 336. 465. 506. 
^55 1 , 863. 550. 507. 600. 820. 040. 667. 

600, 742. 764. 653. 850. 803. 694. 
Schcele’a green. 850. 

Bcheolito. 804. 

Schenok, 668. 

Schenk, 570. 

Sc'herrer. 385. 

Schiff. 571. 


achlempe. 697. 

Schlippe'a aalt. 571. 

Schloesing, 692. 

Schlubacb, 707. 

Schlumborger. 517. 

Schmidt. 065. 

Schn^der, 877. 

Schflnbain. 150. 153. 107. 570. 
aehOnite. 770. 020. 
achreibersite, 914. 

SchHkIer.Grillo procesa. 473. 
SchrOdinger. 435. 

SchrMler, 566, 567. 

^humb. 667, 

Schutaenberger, 490. 

Schwab. 157. 

Schwarz. 455. 693. 

Schwwigger, 569. 

Schweinfurt greon, 550. 

Schweizer'a reagent. 720. 

Scotch hearth. 834. 

Scott, 90, 188. 621. 

sea aretof. 156 ; -weoda, 325. 

Sebba, 642. 
aecondary action. 210 . 
aedimentation, fractional. 6. 

Seebeck. 707. 

Soely, 707. 

SefalrOm. 677. 

^ger conee. 513. 
aeggara. 512. 

Boicnatea. 500. 
eelmidea. 408. 

•olenite, 756. 
wienitea. 500. 

selenium. 497 . 850 : .brotnidea, 400 s 
.chlorides, 409 : -dioxide. 497 , 490: 
. 6 uoridea .409 : i»otallic*.4fI8 ; -oxy* 
bromide. 400; -oxychloride. 490 : 
Btruclurea of corapouada, 504 : -tri- 
oxido. 600. 
aelenophon. 501. 
eclenoffulphur trioxide. 500. 
micnothioaulphatea. 500. 

SeUvanoff, 527. 

scmipcrmeeblc roembrano, 243. 
actni-polar bonds, 413, 
eenarmonile. 805, 

Senebior. 625. 
aenaitisofa, 743. 
separating funnel. ?. 

Boparalion of mjxturoa, 5. 
aerpentine, 774. 

Aenillas. 501. 
serum, blood. 698. 

6cs<iuiauraminc. 749. 

Setlorberg. 715. 

settling of euspenaiona. 6. 
shape* of mol^u lea, 124. 

ShcfTicId plate, 738. 

Shenstone, 154. 

Shcpikcrtl. 646. 

Sheppard. 744. 
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Shorardisu^* 779. 

Shields, 134. 
short period, 368. 

shot, 853. 

shrinkage of globe, 61. 

Sickingen, 963. 
eiderite, 914. 938. 

Sidot’e blende, 788. 

Siemens. 161. 107, 030 ; .oeoniser. 15] : 

•Martin proceee, 93U. 

Siewert, 867. 
silanes. 664. 

Silesian process, 777. 

silica. 650. 661 ; -bricks, 813 : -gel. 

663 i glass. 960. 661. 
silical bromide, 063 ; .hydroxide. 666. 
silicates. 663 ^ structure of. 669. 
Bilicidos, 064. 

silieoformic anhyJrido. 066. 
silicon, 650. 624 : -borides. 060 : -bra- 
midM. OCO ; .bromoform. 067 ; 
•bronse. 668: carbu^, 666:* -chlo. 
rides, 666 ; •chToTolom. M6 : -di- 
oxide, 650 ; -Auoform, 667 : -fluo* 
rides, 667 ; •hy<lridss. 664 : -iodHlea. 
667 ; -iodoform. 667 ; -iron, 008 : 
•nitridee. 0G9 : -oxychioridos. 666: 
-■piegel. 919 ; lulpliide, 069. 
liloxene. 666. 

^loxieon, 660. 

silver, 90, 713, 733 : -seetylide. 741 ; 
-antimonido, 800 : .ansenate. 743. 
800; arsenide. 855 : •areeaiie. 742, 
860: -azide, 539 ; bivalent-. 744: 
-bromats, 324, 740 : bromide, 739 : 
•carbonate, 740 : -chlorate. 740 : 
chloride, 739 : chloroplatinate. 955 : 
chromate. 691 ; colloidal-. 738 : 
commercial-, 738 ; .compouf^ 
738 : -coppw glance, 733 : cyaniilo, 
741 ; electroplating with. 738 ; -fcr- 
ricyaaide, 936 : -ferrocyanido, 936 : 
•fluoride. 739: fulminating-. 740; 
•glance: 733: -hyd/Ulo. 375 ; -hy- 
droxide. 740: -hyponitfite. 55$; 
•hypophoaphate. 589 ; -jwloco. 740 ; 
•i<Mide, 739; metnilurgy of. 733 ; 
•mirror. 737 ; molocular, 736; 
•nitrate, 741 : -nitrHlo. "40; 
•nitrite. 551, 741 : occurrence of. 
733 ; -oxide, 740 ; -perchlorate. 

740 ; •pormangsmate. 907 ; -jihoe- 
phatee, 582. 683, 741 : -pho^phide- 
741 ; propertiee of, 737 ; pure-. "36 ; 
spitting of, 737 ; -suboxide. 74«; 
•fulpbaies, 742 ; -sulphide, 742; 
Umishing of, 737; -thiocyanate, 

741 : -thiosulphate. 742. 

Simon, 867. 

Simona. 340. 
aimple form, 350. 

Sina, ibn, 20. 
single potentials. 800. 


singlet link, 414. 

sinter, 5GI. 

fliag. baaie, 580, 920. 

Siare, 560. 
atate, 8U6. 

Hmalt, 9411. 

amaltite. 850. 940. 946. 

Sinekal cracks, 3U3. 

Smith. 627. 

Smithells, 569. 646. 

Smithson Tennant. 596. 957. 
creithsonite. 777. 

smoke. 6. 

Smolucliowski. 257. 

soap. 184 ; -solution. 8, 186. 

scxla, 77 : -ash, 693 : caustic-, 666 : 

•lime. 515. 
soilanmle. 516. 

Sodriy. 84. 399. 4ill. 402. 960. 
so*lium, 683 : aluminate. 8tl6 : amal- 
gam. 685: anabais, 696: anti- 
monate. 869; argcntoeyanulr. 736; 
arsenate, 660 : arsetiido. 853 ; ar- 
•emte. 659 ; bicarbonate, 093 ; 
bisulphate, 696; bismuth thiosul- 
phate. 877 ; borate. 652 : bromide, 
322. 686 ; carbonate, 689 : chlorate, 
276 : chloride. 085 ; chromate, 891 : 
ryanaraide, 697 : cyanide. 697 ; lU- 
chremato. 889. 691 : disulphite, 468 : 
ferricyaAiile, 936 : forrito. 088. 98 1 ; 
lluonile. 666; formate, 985; hy* 
dride. 685 ; hydrogen peroxide, 688 ; 
hydrogen sulphate. 690 ; hydro- 
gen sulphite. 407 ; hydromtriie, 
557: hydfoeulphide. 704: hydro- 
phite. 488. 490 ; hydroxide, 688 : 
nydroxylamino suJphonalee. 324. 
501 : hypo^nite, 323 ; h>*{>o- 

chlorite. 263 ; hyponitrite. 555 : 
hypophoephite. 590 ; hypoeulphito. 
488. 490: iodato. 325 : iodide. 931. 
686 I meUbisulphite. 468 : moUnti* 
meoite, 668 : metaailicate. 694 ; 
nitrate. 694: nitrita. 551, 604 ; 
nitroprussido, 936 : oxalate, 635 ; 
oxkl^ 086. "16; percarbonates. 
623 : peroxide. 687 ; phosphates, 
695: plumbate. 840 ; pyrosulphate. 
696 : scequicarbonate. 600 : sili* 
cate, 694 : silver thiosulphate, 749 ; 
stennate. 831 : stannite, 829; sub 
phatea. 695 : sulphauraio, 747 : 

sulphidse. 7tH ; sulphites. 467 : 
tetrathionale. 493 ; thioantiroonolc. 
636 ; thioslannato. 830, 833 : thio- 
sulphate. 467 ; thiosulp^uriie. 740 ; 
tuf^tate. 895. 
soflioni. 514. 663. 

Bofterung of water, 185. 
soil, fertility of. 696. 
aol, 259. 
solder. $28. 
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solids, 135; specific h«Ai of, 344; 

vapour pressure of. 54. 
solidus cune. 923. 

solubility. 62 ; 'Curv'es. 67 ; delor* 
mination of. 69 ; of gases, 63 : of 
liquids, 66 ; of a mixture of gases. 
65 ; •pro<luct, 312 ; of solids, 67 ; 
table of. 60. 
soluble glass. 604. 
solute. 63. 

solution, heats of. 260 ; •pressure 
(electrolytic 1 799 ; theory of (Arr* 
henius's) 225 ; theory of (gaseous). 
245. 

solutions, 62. 72, 136 ; boiling poinU of. 
251 ; conductivity of. 229 ; colloidal, 
7. 63, 256, 259 ; freesing points of. 
69. 257 ; of gases in liquids, 63 : of 
liquids in liquids, 66 ; molecular 
weights in, 243 ; osmotic pressure of, 
243 ; solid*, 66. 361 ; of solids in 
liquids. 67 ; vapour pressure of, 70, 
25U. 

Solvay cell. 305 ; procese, 692. 

Holvent. 63. 
sombrerlte, 663. 
soot, fl02. 
sorbite, 922. 
boret. 154 , 646. 

•ound. velocity of, 110, 122, 127. 
apace lattice, 357. 
spathic iron ore, 914, 926. 
specific heats of gssas, 126 ; of solide, 
344. 

spectra, 268, 439, 676 ; abeorption, 
439. 660; band*, 363, 677; line-, 
677 ; mass*. 382 ; phosphorescence*, 
610; production of, 678 : Ranan*. 
283, 430, 677 ; solar-, 679. 
spectroscope, 678. 
speculum metsl, 722. 
spcias cobalt. 940. 
spelter. 777, 778. 
spent oxide, 460. 

Speter, 569. 

Spesia. 661. 
sphalerite, 777. 
epiegsleisen, 919. 
spinel. 772. 805, 811. 
spin, electronic*, 429 5 nuclear*, 175 ; 
quantum number. 429. 

SDinthsriacope. 125. 

soirit of hartshorn, 73 ; of salt, 200.210. 

Joiritu* nilro-airtu* 25. /«maa# 
Lihavii 830 ; nitri Oiaubtri, 634. 
Bpodumene. 713. 
sponges. 326. 

Spring. 143, 468. 

spring water. 182. 

stability of compound^ 383, 42 1. 

Stahl. G. E.. 27, 31. 463, 690. 935. 
Stehl«hmidt, 260, 527. 

Stainless steel, 862. 


stalactites, 183. 
sMiagmites. 183. 

standard temperature and pressure 
(S.T.P.), 50. 
stannalea. 828. 631. 
stannic bromide. 631 : chloride. 630; 
compounds, 826. 630 ; fiuoride, 831 ; 
iodi^, 931 : oxide, 930 ; sulphide, 
833. 

stannitos, 826. 629. 
stannous bromide, 629 : chloride. 628. 
629 ; compounds, 828 ; iodide, 929 ; 
nitrate, 828 ; oxide. 829 ; oxy* 
chloride, 829 ; phosphate, 928 ; sul- 
phate, 830 : sulphide. 829. 
stannum. 826. 

starch iodide, 329 ; 'paste. 329. 
Starck. 326. 

Stas. 83, 86. 89. 90. 327. 621. 739. 
Staasfuri potash deposits. 698. 
stationary orbits. 427, 
statistical mechanics. 263. 
steam, composition of, 42 ; dissocia* 
tion of. 292. 

staol, 918; alloy*. 021: Bessemer-. 
919 ; cast*. 919 : crucible*, 019 ; 
cutting of, 1 69 : electric furnace*, 
921; miki*. 019; open hoarth, 929 : 
tempering of. 021 ; properties of. 
921 ; structural*, 010 ; structure of, 
919 ; tool*. 919. 

Stefan. 134. 
stellite. 941. 

Stenhousa, 601. 

Stono. 352. 
slephanito. 733. 
stereoisomerism, 422. 
atereo*me(al, 780. 
stibine, 665. 
stibnite, 862. 

stimmi. 802 : *Angllcum, 598. 

Slock. 668, 576. 

Stockholm ter. 600. 
itoichioroetry, 87. 

Stokes. 6. 137. 

Stoner, 433. 

Sloncy, 224. 

Strabo, 733. 777. 899. 

stream tin. 826. 

Streckcr, 501. 

Stromeyer. 784. 
siromeyerite, 733. 
strong electrolytes. 240, 310. 
slrontia, 762. 
sirontianite. 762. 

strontium. 762 : carbonate. 764 ; chio* 
ride. 782 ; hydride. 763 ; hydroxide, 
763 ; nitrate. 764 ; nitride, 764 : 
oxhIcs. 763; peroxide, 763; phos- 
phate. 764 ; sulphate, 764- 
structural formulae. 97. 
stnicturo of the atom. 404, 409; of 
motcculea, 436. 
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Slur^n, 779. 

BiibiimAtion, 9. 34. 

submicronSi 4, 137. 

subsidiary quantum number. 439. 

substances. 3. 

mibaUtution. 907, 

suction gas, 033. 

sugar of load. 937. 

Siigdon, 130. 

Buinti 007. 

sulphamidoi 49o. 502. 
sulphatoA. 481. 

sulphidea. action of acids on. 314 ; pr«< 
cipitation of 3I3» 457, 
sulpbimide, 454. 552. 
suIphiUa. 453, 467. 

aulphonic aci<is. 409 ; of ammonia and 
hydroxylacnino, 5GU, 
sulphur. 447, 880 ; allotropie fonna of. 
450: alpha-,450; boU-.4ol; -bro- 
mides, 462; -chloridea. 460; col- 
loidal*, 454 ; combustion of. 448 ; 
•dioxido, 463 ; eU*. 455 ; extraction 
of. 448 i -fluorides. 460 ; nowera of. 
464 ; gamma*. 453 ; -heploxide. 
485: milk of, 454; monoclinlc-, 451: 
-monoxide, 406: mu-,453: nacre* 
out-. 451 ; oxygen compoun<i8 of. 
463 ; phi*. 454 : pi-, 494 ; plastic-, 
453 : properties of. 450. 880 ; puro*. 
452: rho*. 454: rhombic-, 450; 
roll-. 440 : -soaquioxide, 496 : -lot* 
roxido, 495 ; -tr;oxida, 470 ; ossa of. 
450; -vapour. 451; white-. 454; 
seta*. 455. 

■ulphurattad hydrogen. 455. 
sulphuryl azide, 530; -chlorkio. 483. 
484 ; fluoride. 485. 

superconductivity. 964. 

supercooling. 179. 

euperexida ton. 716. 

superphosphate of bme. 750. 

auparaaturation. 67. 

supporter of combtistion, 145. 642. 

surface Aims. 124. 133: •onerg)% 134: 

•tension. 5. 133. 
suspansoidi. 250. 

Svedbarg. 381. 267. 
aylvanito, 501. 
sylvine, 098. 
symbols. 0$. 

lyrametry of crystals, 350 ; elements of, 
391 : .groups, 397. 
s^mpathotic ink. 941. 
synganite. ’*67. 
synthesis. 15, 637. 

Syriac translations, 30. 

Stubay. 527. 

Tachamus, 659. 

Tafal, 624. 

Tait, 164. 

Talbot, 743, 767. 


Ulc. 772. 

I’ammann. .^84. 663. 

Tentur. 833- 
tantalitc. 878. 
tantalum. 848. 678. 
tartar emetic, 671. 

Taylor. 216. 
technetium. 898, 911. 
teeth, enamel of. 336. 
telluratee. 503. 
iclluridea, 502. 
loDurites. 503. 

tellurium. 501, 880 : atomic weight of, 
504 • basic nitrate. 503 ; dibroraide, 
502 : dichloride. 9U2 ; dioxide. 903, 
904 ; haxafluorida. 602 ; monoxide. 
603 ; oxyfluohda, 502 : structura of 
compounds. 504; sulphate. 503; 
sulphur trioxida. 904 : tetrabromida, 
S(»2 ; tetrachloride. 502 : tatra- 
iodide. 502 ; trioxida. 503. 

lcini>cra(urc. absolute, 4U. 
tempering of steal, 921. 

(amperary hardness, 1 82. 

Tennant, 262. 957. 
lenorito. 718. 

Tentelaff process, 473. 

(erbium. 820. 
term. 428. 

tatartoliodral forms, 354. 
tetrachromataa, 885. 
tetradymita. 50 1 . 
tetragonal system. 353. 
utrahedral arrangement of valascies, 
422. 

tetrahedron, 355. 
tatrakishaxahadron, 352. 

Thalaa. 18, 21. 

thallium, 803. 817 ; mipboxylata, 491. 
Than. 115.634. 
rAciON Audbr. 454. 450. 

Thanard. 191, 193, 105. 215. 336, 450. 

526. 572. 576. 652. 659. 684. 025. 
thenardilo. 695. 

Thenard’s blue. 812. 042; .process. 
838. 

Theopbrasios. 786. 837. 

thermal constants. 282 : -diffusion. 

384. 

Thenoit procaea. 807. 
(iMHTDOchamistry. 277, 281. 
thermo-coupisa, 957. 
thermoafla^. 182. 

Thiel. 948. 

Thiele. 530. 557. 

Thieasen. 833. 

Ihioantimonatas, 871. 
thioanlimonitas. 870. 
tbicarsonates. 862. 
thioamnitaa, 861. 
thiocarbonataa, 638. 

(hiocarbonyl chloride. 637. 
(hiocarbonyl parchlerida, 637. 
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tKiocu|)rit«e, 727. 
thiof«rrit«3, V:U. 

thionyl bromi<le. 468 chk»riii«, 466 ; 

rhiorofliioride, 469 : Auoride, 469. 
thiophosphory I chloride. 691 : ‘fluoride. 

•v.n. 

tliiopittrinttea. D56. 
thiojitannotee. 839. 
thtoaulphaMt. 626. 
thiotritbiezyl corapounda. 560. 

ThOtdo. 862. 

Thom. 602. 

ThorsM. 712. 019. 

Thompson. 629. 865. 

Thoroaen, 283. 

ThomaoQ. J. J.. 234. 361. 441. 
Thoraaon. T.. 66, 05. 166. 215, 460. 
Thomson, W.. 130. 
thorisntte, 84. 846. 
ehorito, 84. 846. 

thorium, 401, 624. 646; -X. 40J. 
thoron, 06U. 

Thorpe. 340. 676. 585. 591. 
throO'OleotroQ bond, 497: 'OlerDonta, 20. 
Ihuiium, 820. 
thyroxin, 325. 

Tilden, 563. 

timber preserving. 339. 780. 
tin. 821. 826 : •compounds, »u sUnnio 
and stannous: •foil, 827; grey*. 
827; •hydride, 830 : metallurgy of, 
826; occurrenceof. 826 : 'tree. 801. 
tincal. 652. 
tijuttone, 826. 
tin. while cobalt, 850. 
titaniferous iron ore, 843. 
titanium 824, 843 ; •compounds. 843 : 

•white, 843. 
titration cur\*os. 308. 

Tolamky, 605. 
tombac. 780. 
topaz. 600. 

Topley, 573. 

total quantum number. 428. 
tourmaline, 653. 

Toy, 744. 

TramxQ, 216. 
trana>ieomcr, 423. 

transition point, 461 ; •temporetuie, 
451. 

transitional olomsnts, 306, 431, /17. 
translational kinetic energy. 120. 
transmutation, 20. 405. 
transport number, 234. 
transuranic elements, 407. 
trapezohodron. 355. 

Traube. 137, 198. 486, 831. 

TrauU, 673. 

Travers, 167, 063, 064. 

Troadvrell. 786. 

Trehlel, 844. 
triads, 365. 

triakisoctahedron, 352. 


triaminopropane, 420. 
Irianiino.triethylaaune, 420. 
tria prime, 20. 

Iriborine triamine, 656. 
trkhloramine, 526. 
trichromatea, 888. 
tricllnio system, 354. 
tridymite, 659, 661. 
triethylsilicoformate. 667. 
tru&eUiylar^ne, 856. 

Iriphylite, 713. 

triple bond, 00. 412 : 'point, 179, 462. 
tripsa, 185, 095. 
tritium, 177, 407. 

Trix'slti, 744. 

Irons, 690. 

Troost, 60. 171. 172. 
troostite. 922. 

Troostwijk. 608 . 

Troutoo, 135. 

Tschera^, 063. 
tungsUiee, complex, 896. 
tUEkgslen. 880, 894 ; 'Carbonyl. 960. 
turacln. 710. 

Turnbull's blue, 927. 

Tumor's yellow. 936. 
turpeth mineral. 794. 
turquoies, 814. 

Tutton, 559. 685. 
tuyeres. 916. 
twin crystals, 356. 

Tyndsll effect. 9. 259. 
typo motel, 865. 

udolK 326. 787. 

I'lilenJutli. 525. 

UHoa. 953. 
ultraioarlno, 813. 
ultramicroscopo. 3. 
ultraviolet rays. 676. 
unitary coropounda, 415. 
unMturated compounds, 98. 
uranium. 84. 880, 806 ; storoic weight 
of. 345 ; radioactivity of. 400 ; 'X, 
400. 

urao. 600. 

urea. 521, 033. 641. 710. 

s*acuum v oas e l s, 132. 

valency, 96, 100. 411, 417, 431, 434; 

of coordination nuclei. 417 : electro* 

nio theory of. 411; Heitler and 
London's theory of, 434 ; of ions, 
226 : per lo<Ucity of, 370 ; positive 
and negative. 415; variable., 97. 
413. 434. 

Valentine, Dasil. 862, 804. 

Vateotlner, 539, 965. 
velentinito, 808. \ 

vanadinite, 360, 769, 877. 
vanadium, 300, 877. 
van dor Weals. 125. 132. 
van't UofT, see Hoff. 
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vapoxir «J«wt.v. 5fl; ftlmomwl, IJ.T; 
DatTum* mclhoiJ. 5M : Hofmtnn s 
m^lhoiU r>7 ; ««id mokn ular weiphl. 
]it4 : VM'tor Meyer's method, 69. 

Vft pour pressure. 33 ; ofhydrnl»» IHI ; 
.lou‘«Kn]z. 260 : of soli<is. 54 ; of 
solutioiu*. 7(». 25<l : tsblc of. 66. 
vapour, sot u rated. 53. 70. 
vorer, 323, 

varicgtioil copper ore. 718. 
vaterire. 730. 

Vaiiciuelln. 271,637. 771. 861. 

\*eloY. 538. 

\'elocity of ions. 235 $ of moleeulrs. 
107 : of reaction. 287. 207 ; of 
souivl. no. 122. 127. 

Venet(4ii whito. $37. 
vertllgrla. 730. 
wnliter. 730. 

\’ermilion, 704. 

\’crn<]n. 025. 

Vi nicer. IU7. 4$7. 
vinMt. 007. 

\’inyl alcohol. OOV. 
viscoiity. 2. 123. 
vital air. 33. 

V it rein. 002. 
vitreoail. 002. 

vitriol, blup. 731 : freon. 923 : while. 
783. 

vitriolatod tartar. 2$. 
vitriolic acid air. 403. 

Vitruvius, 750. 
vivisnitc, 503. 029. 

Vefoi. 4tHl. 

volatility, influenco of. on reaction. 
2011 . 

VoHa, 707. 
voltafo, 707. 
voltaic cell. 707. 
voltameter. 41. 
voltoids, 7li8. 

roluma adjuster. 100; atomic*. 371 ; 
critical*. 120 : law of gaseous. lOl ; 
specirir. 70. 

Vries, de. 247. 

iVnage. 2$7. 296- 
M’aab. van dor. 132. 

M'ackenrodcr's solution. 494. 
wad. $90. 

Wagner. 270. 
wagncrito, 759. 

Wdlace. $57. 

Walters, 083. 

Wanklyn. 1 13. 20$. 

Warburg. Il<f. 127. J5I. 

Ward. 474. 943. 

Warltiro. 31, 36. 

Warren. 70$. 

Wanonberg. «*on. 302. 

Washburn. 176. 
washing soda, 6$9. $03. 


water, action of. on metals, 180, 835 ; 
aerated.. 022 : bar ieriology of. 18$ ; 
(•otour 17H : composition of. 30. 
43. IKK: of rrystallisation. IKU; 
density of. I7H : diaso’iation of. 101 ; 
elc<*trolysis of. 41, Ifrt; 1$6, 
$32. 64tl : glam. 604 : lianl an<l soft . 
182; heavy*. 176: ionisation of. 
236. 301 ; minemi*. 187 ; natural*. 
181 ; phases of. I7U : properties of. 
1 7$ : -proofing. 811: pure*, 1 88 : 
SOS*. IKK : 'Softening. 183 ; ateri* 
lidng*. 186; vapour preasurcs of. 55. 
Watson. GO. 247. 613. 
watt. 797. 

Watt, 3$. $75. 

wave function. 495: 'lenglh. $70; 

.mechanics. 435 : •numbor. 364. 
wavellito. 874. 563. 
weathering of rocks. 624. 697. $05. 
Weber. 346. 542. 
webslorilo. 814. 

Wedguood. 742. 

Weinland. 807. 

Wotntraub. 054. 

Wcilt. 405. 74tf. 
woMing. 170. 018. 959. 

VN'elclon process, 202. 

Wells. 57$. 

Welsbsch. A. von. 810. 

Welsh process. 729. 

Welter. 401. 

Wensd. $6, 336. 

Wernor. 416. 697. $85. 

Weston. 631. 

wot proesas for copper. 720 : for silver, 
735. 

What enough. 327. 

Wheatstone bridge. 230. 

W hooter. 62$. 

Wheaoll, 218. 

white load. $37, $39; •metal. 710; 

•nickel ore. 046 : •precipitate. 795. 
Wibd. 649. 

Wiberg. 656. 

Wio]and.*925. 

Wien. 362. 

Wiener. 257. 
wieson. $72. 

Wilcock. 59$. 

WiU. 19$. 

Will o' the wisp, 571. 

Willaid. 671. 
wdleraila. 777. 

Willasden canvas, 729. 

Williams. 555. 943. 

WiUiamson. 225. 483 : -violet, 036. 
Wilson. $, 403. 

Winchester quart. 210. 

Wiokler. $42. 

Wialicenus. 620. 530. 556. 
wis mat, $72. 
witbarite. 766. 
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\\'oe8tyn. 34y. 

^^ohk^r. 564. 610. 041. 054. 664. 066. 

702. 805, 877. 

\Volf. 508. 

>V'olffenst«in. 193. 
woIfr«m, 826. 804. 

Wollafiton, 86. 870. 878, 054. 

Wood, 953. 

wood distillation. 600. 

Woodhoad. 107, 622. 

Wood's motal. 873. 
wrought iron. 917. 

Wurts. 206. 677. 578, 588. 663. 
wurtzito. 301, 783. 

>csnthsC««. 638. 
xenon. 900, 065. 
xenotime, 820 . 

X-rays. 387. 438. 

yellow prussiate of potash. 935. 
ytterbium. 803. 82U. 
yttrium, 803. 820. 
yttrotantalite. 820, 873. 

Zachariascn, 487. 
zaJTre, 040. 


Zeeman effect, 420, 
zeolite, 185, 672, 607. 
zero, absolute. 49. 

Zien’ogel. 735. 

zinc. 769, 776 ; -amide, 782 ; ammoni- 
um phosphate. 782 : arsenide, 653 
-blende. 391 , 777. 783 ; -bromide 
781 ; -earbcmate. 781 ; -chloride 
780; -chromate, 801: -dust, 778 
•Ouonde, 781 : granulated-, 778 
-hydroxide, 781 ; -hyposulphite 
783 ; -iodide, 761 ; metallurgy o| 
777 ; -nitrate, 782 ; -nitride, 782 
-occurrence, 777 ; -oxychloride, 780 
•oxide. 781 : -peroxide, 761 ; -phos 
phate, 783 ; -phoephide. 782 ; pro 
portiee. 779 ; pure-. 778 ; -pyro 
phosphate, 782 ; .sulphate, 788 
•sulpfiida. 783 ; -white, 781. 
tincalea. 779. 
zincite. 772. 
zircon. 845. 
zirconium. 624. 645. 
zirkite. 646. 
zorgite, 497. 

Zosimos, 19. 

ZsigmocMly. 4 . 
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